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ANALYSIS AND DESIGN PROCEDURES FOR A FLAT, DIRECT- 

CONDENSING, CENTRAL FINNED-TUBE RADIATOR 

by Richard P. Krebs, Henry C. H a l l e r ,  and Bruce M. Auer 

L e w i s  Research Center 
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SUMMARY 

An analysis  of a f lat ,  direct-condensing, cen t ra l  finned-tube rad ia tor  
re jec t ing  heat from both s ides  w a s  performed t h a t  enabled t h e  design of space 
rad ia tors  to meet minimum weight and geometric requirements. Two e lec t ronic  
d i g i t a l  computer programs were developed. 
f ixed  conductance parameter and y ie lds  a minimum weight design. 
employs a var iable  conductance parameter and var iable  r a t i o  of f i n  length to 
tube outside radius. This program can be used f o r  r a d i a t o r  designs t h a t  have 
geometric l imitat ions.  Both programs consider a Rankine thermodynamic cycle, 
vapor and l i q u i d  headers, pressure drop i n  t h e  r a d i a t o r  tubes and headers, 
meteoroid protection f o r  t h e  tubes and headers, r a d i a l  temperature drop i n  t h e  
tube w a l l ,  and f i n  and tube radiant  interchange i n  t h e  development of t h e  
descr ipt ive equations. 

The f i rs t  program i s  based on a 
The second 

Major outputs of t h e  two programs include: tube length,  number of tubes, 
rad ia tor  aspect r a t i o ,  r a d i a t o r  weight, f i n  length and thickness,  specif ic-  
heat-reject ion r a t e ,  and header geometry. 
choice of input var iables  such as tube ins ide  diameter, temperature and power 
leve ls ,  f i n  and armor materials,  prescribed pressure drops i n  tubes and 
headers, mission t i m e  and probabi l i ty  of no punctures by meteoroids, and 
radiator-headeP-panel configuration. 

These outputs a r e  based on t h e  

A 1-megawatt, high-temperature Rankine system w a s  chosen for compari- 
son of t h e  t w o  programs. 
as t h e  evaluating parameter. 
t h e  product of t h e  conductance parameter and t h e  apparent emissivity f o r  m a x i -  
mum heat r e j e c t i o n  per u n i t  weight, as determined by t h e  Parametric Program, 
although d i f f e r e n t  from t h a t  used i n  t h e  Minimum Weight Program, resu l ted  i n  
radiat.or weights t h a t  agreed to within 2 percent at m a x i m u m  heat  re jec t ion  per 
u n i t  weight. Radiator planform area, f i n  thickness, and panel aspect r a t i o  
were a l s o  invest igated and compared favorably. 

The m a x i m u m  heat re jec ted  per  u n i t  weight w a s  used 
The calculated r e s u l t s  showed t h a t  t h e  value of 

INTRODUCTION 

Large quant i t ies  of e l e c t r i c  power w i l l  be required f o r  a var ie ty  of space 
appl icat ions within t h e  foreseeable future.  These appl icat ions include elec- 
t r i c  power supplies for satellites, lunar  bases, and o r b i t a l  laborator ies ,  as 
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w e l l  as f o r  e l e c t r i c  propulsion for interplanetary t ravel .  
of t h e  design of nonpropulsive power supplies must be given to t h e  weight- 
carrying and s i z e  capabi l i t i es  of t h e  fe r ry ing  vehicle. 

Due consideration 

The f e a s i b i l i t y  of many space missions u t i l i z i n g  e l e c t r i c  propulsion de- 
pends on obtaining a s p e c i f i c  weight (powerplant weight/power output) of t h e  
power conversion system t h a t  i s  low enough to permit l a r g e  payload weight and 
extended missions. Currently, a leading contender f o r  t h e  e l e c t r i c  power 
source i s  a generator driven by a turbine operating i n  a Rankine cycle and 
using a l i q u i d  m e t a l  as t h e  working f luid.  One of t h e  major problems asso- 
c ia ted  with such a cycle i s  the  re jec t ion  of waste heat by t h e  radiator .  

Previous s tud ies  (refs. 1 t o  5) have iiidicated t h a t  t h e  required r a d i a t o r  
may be a l a r g e  p a r t  of the  total conversion system weight. It i s  a l s o  obvious 
t h a t  t h e  space and m a x i m u m  i n t e r n a l  dimensions of t h e  boost vehicle will be 
l imited.  It therefore  becomes necessary to design lightweight rad ia tors  t h a t  
a l s o  s a t i s f y  radiator-vehicle  in tegra t ion  requirements. Thus, such f a c t o r s  as 
r a d i a t o r  area and component dimensions as well as minimum spec i f ic  weight be- 
come important considerations. 

Many papers on direct-condensing rad ia tors  f o r  Rankine vapor cycles are 
avai lable  (i. e., refs. 6 t o  12), but  none i s  s u f f i c i e n t l y  complete nor appli-  
cable f o r  s e t t i n g  up a general rad ia tor  design computer program. 
comes necessary to combine and improve t h e  avai lable  information i n t o  a reason- 
ably thorough approach to the  problem. The programs developed can a l s o  serve 
as a bas is  f o r  t h e  comparison of other  approximate or l e s s  sophis t icated pro- 
cedures. 

Thus, it be- 

The analysis  presented herein i s  a comprehensive approach to t h e  design 
of direct-condensing space radiators .  A cycle analysis  i s  included t o  provide 
vapor-flow a3d heat-reject ion r a t e s  and qua l i ty  and to permit the  study of t h e  
e f f e c t s  of power l e v e l  and temperature level .  Also included i n  t h e  analysis  
a r e  t h e  contributions of t h e  vapor and l i q u i d  headers along with t h e  pressure 
drops i n  t h e  r a d i a t o r  tubes, headers, and junctions. The e f f e c t  of the tem- 
perature  drops, which accompany t h e  pressure drop i n  t h e  tube and a t  t h e  tube- 
header junction, i s  a lso  included. The bas ic  finned-tube configuration chosen 
i s  a central-finned constant-diameter tube lying i n  a f la t  plane rad ia t ing  from 
both s ides  t o  a 0' space s ink temperature. 
several  panel arrangements i s  a l s o  included. The analysis  i s  based on r a d i a l  
one-dimensional heat  conduction i n  t h e  tube and one-dimensional heat conduction 
down t h e  length of t h e  f i n  with blackbody mutual i r r a d i a t i o n  occurring between 
t h e  f i n  and tube surfaces. 
i s  t r e a t e d  by introducing an approximate approach t h a t  uses an apparent e m i s -  
s i v i t y  of t h e  finned-tube cavity. Meteoroid protect ion considerations a r e  i n -  
cluded f o r  t h e  r a d i a t o r  tubes as well as f o r  t h e  vapor and l i q u i d  headers. 

Provision f o r  consideration of 

The e f f e c t  of surface emissivity l e s s  than uni ty  

Two sophis t icated programs evolved from these analyses. The first of 
these permits a r a d i a t o r  design t h a t  w i l l  s a t i s f y  s p e c i f i c  rad ia tor  geometry 
requirements over a wide range of conditions. At t h e  same t i m e  t h e  r a d i a t o r  
weight can be accurately optimized. This program, henceforth ca l led  t h e  Para- 
metric Program, i s  based on a var iable  value of a conductance parameter t h a t  
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describes t h e  thermal behavior of t h e  f in .  
d e t a i l  and computer t i m e  to obtain a desired rad ia tor  design. 

The program requires considerable 

The complexity involved i n  determining an optimum radia tor  configuration 
as given by t h e  Parametric Program procedure made it necessary to develop a 
second program with a more rapid calculat ion procedure. 
could be used f o r  preliminary purposes to define t h e  region of i n t e r e s t  f o r  a 
design study, can rapidly inves t iga te  the  f a c t o r s  influencing rad ia tor  design 
and weight without regard t o  spec i f ics  such as area or  f i n  geometry l imi ta t ions  
and requirements. This program, which i s  based on a f ixed  value of conductance 
parameter, i s  re fer red  to as t h e  Minimum Weight Program. 

This procedure, which 

Both programs t r e a t  tube ins ide  diameter, f l u i d  temperature, power 
leve l ,  material properties,  mission parameters, tube and header pressure 
drops, and meteoroid protect ion c r i t e r i a  as t h e  input variables. Calcula- 
t i o n s  employing these inputs y i e l d  t h e  weight and c h a r a c t e r i s t i c  dimensions of 
t h e  finned-tube space radiator.  The programs a r e  divided i n t o  subroutines so  
t h a t  other  finned-tube configurations, such as t h e  open or closed sandwich 
finned-tube geometries (ref. 13), can be adapted without completely rewrit ing 
t h e  program. 

A sample s e t  of calculat ions a r e  given f o r  both the  Parametric and t h e  
Minimum Weight programs. The results a r e  compared f o r  a t y p i c a l  example con- 
s i s t i n g  of a 1-megawatt powerplant rad ia t ing  waste heat at  1700' R. 

A 

A'p 
A, 
a 

B 

C 

cP 

*t 

D 

F 

F f 

F t  

SYMBOLS 

area, sq  f t  

planform area as defined by eq. (lll), sq f t  

vulnerable area, sq f t  

spa l l ing  f a c t o r  

radiosi ty ,  rad ia t ion  leaving surface per un i t  time and area 

sonic veloci ty  i n  armor material ,  f t / s e c  

s p e c i f i c  heat , Btu/ ( l b )  (OF) 

diameter, f t  

Young's modulus of tube armor material, lb/sq f t  

geometric angle f a c t o r  

tube surface e f f e c t  on f i n  heat loss  

tube radiant  interchange f a c t o r  
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occlusion f a c t o r  

Fanning f r i c t i o n  f a c t o r  

units conversion f ac to r ,  32.17 f t / s e c  2 

enthalpy, Btu/lb 

heat  of condensation, Btu/lb 

subcooler hea t - t ransfer  coef f ic ien t ,  Btu/(hr) (sq f t )  (OF) 

mechanical equivalent of heat,  778 ( f t )  (lb)/Btu 

rad ia t ion-d is t r ibu t ion  parameter, (&. f <f ) / E I J ~ D ~ T $  

f l u i d  turning loss f a c t o r  from header t o  tubes 

f r ac t ion  of generator output ava i lab le  as power output 

thermal conductivity, B tu / ( f t )  (h r )  (9) 

f i n  half-length,  f t  

condenser length,  f t  

subcooler length,  f t  

constant describing panels 

number of r ad ia to r  tubes 

conduct an c e parameter , 2 OT~L'  /kt  

number of penetrat ions permitted 

in teger  

pressure,  lb / sq  f t  

probabi l i ty  of N penetrations 

e l e c t r i c a l  power output, kw 

t o t a l  heat flow r a t e ,  Btu/hr 

t o t a l  heat added t o  cycle f lu id ,  Btu/hr 

work output, Btu/hr 

heat  r e j ec t ed  by vapor header and r ad ia to r  panel, Btu/hr 
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QS 

R 

Re 

Ri 
RO 

R' 

S 

S 
- 

T 

TO 

m s  c 

t 

U 

V 

W 

W 

W' 

W 

X 

heat  re jec ted  by e n t i r e  system, Btu/hr 

spec i f i c  heat  flow r a t e ,  Btu/lb 

heat r e j ec t ion  per unit t i m e  and length of tube, 

gas constant, ( f t )  ( l b ) / ( l b )  (%) 

Reynolds number 

tube in s ide  radius,  f t  

tube outs ide radius,  f t  

f r ac t ion  of flow area occupied by one phase 

entropy, Btu/  ( l b )  (OR) 

header surface area,  sq f t  

absolute temperature, OR 

temperature of base surface of f i n  and tube, OR 

amount of subcooling, O F  

f i n  thickness,  f t  

veloci ty  of vapor, f t / s e c  

veloci ty  of l i qu id ,  f t / s e c  

average meteoroid veloci ty ,  f t / s e c  

weight, l b  

total weight flow, lb/sec 

i d e a l  work output of cycle, Btu/lb 

panel width, f t  

weight flow per tube, lb/sec 

dimensionless coordinate, x/L 

Btu/(hr) ( f t )  

f r ac t ion  of r ad ia to r  hea t  re jec ted  by f i n  and tubes 

f r a c t i o n  of r ad ia to r  heat  re jec ted  by vapor header 
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X position coordinate on fin, ft 

Y length of vapor header as defined by eq. (52) 

Z tube length, ft 

a,,B experimentally observed constants for meteoroid mass distribution 

6 tube wall thickness, ft 

E surface hemispherical emissivity 

- 
E 

Vt 

7-t 
* 

e 

apparent emissivity of isothermal finned-tube cavity 

gray body overall effectiveness 

flat plate blackbody fin efficiency 

blackbody fin effectiveness 

generator efficiency 

blackbody overall effectiveness 

turbine efficiency 

blackbody tube effectiveness 

temperature ratio, T/T, 

space sink temperature ratio, Ts/To 

0 dQ/dX evaluated at X = 0 

P viscosity, lb/(ft) (see) 

P density, lb/cu ft 

CT Stephan-Boltzmann constant, 

I- mission time, days 

X, @ two-phase-flow parameters 

Subscripts : 

a armor 

act actual. 

1. 713><10’9 Btu/( sq ft) (hr) (OR4) 
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b 

C 

F 

f 

g 

i 

L 

LH 

m 

0 

P 

r 

t 

VH 

1 

2 

b o i l e r  

l i n e r  

f r i c t i o n  

f i n  

vapor phase 

ins ide  

l i q u i d  

l i q u i d  header 

momentum 

out s i d e  

p a r t i c l e  

r a d i a t o r  panel 

tube 

vapor header 

base surface 1 

base surface 2 

Superscripts:  

( ' ) 
( " )  between turbine and r a d i a t o r  

(*) 

(when applied to q or Q) 
between b o i l e r  and turbine 

.) 

s t a t i c  conditions a t  tube i n l e t  

APPROACH 

The primary objective of t h e  computer programs described herein i s  to 
af ford  a means of designing a direct-condensing r a d i a t o r  t h a t  would serve as a 
heat-reject ing device f o r  a Rankine cycle power-generating system of a pre- 
scribed power level.  Both programs were geared t o  design rad ia tors  t h a t  not 
only matched a prescribed power l e v e l  but t h a t  a l s o  gave t h e  designer t h e  
capabi l i ty  to s e t  t h e  pressure drops within t h e  radiator.  One of t h e  programs 
provides a r a d i a t o r  design t h a t  i s  n e w  minimum weight f o r  t h e  heat-reject ion 
and pressure-drop specifications.  The other  has t h e  f l e x i b i l i t y  of providing 
f o r  s p e c i f i c  area or dimensional requirements. 
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. To m&e such an object ive achievable i n  a computer program of p r a c t i c a l  
and manageable s ize ,  some r e s t r i c t i o n s  had to be placed on t h e  range or gen- 
e r a l i t y  of t h e  parameters defining t h e  radiator.  For example, r a d i a t o r  t e m -  
peratures a r e  l imi ted  to those f o r  which t h e  equivalent s ink  temperature e f f e c t  
on t h e  heat rad ia ted  can be neglected (generally grea te r  than 1000° F, 
ref .  14) .  

Some se lec t ion  w a s  made as to t h e  physical arrangement of t h e  radiator .  
I n  t h i s  analysis  it w a s  assumed t h a t  t h e  r a d i a t o r  w a s  made up of a series of 
f luid-carrying tubes connected by c e n t r a l  f i n s  i n  a f la t  plane rad ia t ing  from 
both sides,  as shown i n  f i g u r e  1, The tubes consisted of a l i n e r ,  which w a s  
to be r e l a t i v e l y  impervious t o  t h e  corrosive working f l u i d ,  and an armor sleeve 
t o  protect  t h e  l i n e r  from t h e  h n e r v e l o c i t y  meteoroids encountered i n  space. 

The tubes w e r e  fed from a parabol ical ly  shaped vapor header designed f o r  
constant f l u i d  velocity.  A parabol ical ly  shaped header provides a weight sav- 
ing  of approximately one-third over a constant diameter header, i f  t h e  m a x i m u m  
diameters of t h e  two headers are equal. Constant flow veloci ty  i n  t h e  header 
tends t o  make t h e  pressure loss, due to turning t h e  flow from t h e  header i n t o  
t h e  tube, uniform f o r  all tubes. The header consisted of a l i n e r  and a pro- 
t e c t i v e  armor of t h e  s a m e  thickness and material as t h a t  used on t h e  tubes. 
The condensed vapor w a s  col lected i n  a l i q u i d  header. Fie  l i q u i d  header w a s  
constant i n  diameter and consisted of an i n t e r n a l  l i n e r  and t h e  same armor 
covering t h a t  w a s  used on t h e  tubes and t h e  vapor header. 

The computer programs were wr i t ten  s o  t h a t  t h e  tubes and headers could be 
arranged i n  any one of t h e  three configurations shown i n  f igure  2. 
rangements a r e  designated as one-, two-, and four-panel configurations. 

These ar- 

To make a study of t h e  f a c t o r s  t h a t  a f f e c t  t h e  design and performance of 
a direct-condensing rad ia tor ,  a r a t h e r  complete analysis  w a s  made. This anal- 
y s i s  included calculat ions f o r  t h e  bas ic  power cycle as w e l l  as t h e  thermal 
and f l u i d  mechanics processes going on i n  t h e  radiator.  
cluded the  temperature drop i n  t h e  tube w a l l ,  t h e  rad ia t ion  from t h e  tubes, 
f i n s ,  and headers t o  space and to each other,  and t h e  pressure and temperature 
changes i n  t h e  f l u i d  due t o  f r i c t i o n ,  change i n  momentum, and changes i n  flow 
direction. 
of computer programs t h a t  produced a r a d i a t o r  design meeting a prescribed 
heat-reject ion rate and vapor-flow rate with assigned i n t e r n a l  pressure losses.  

These processes in-  

The amalgamation of these analyses ult imately resu l ted  i n  a p a i r  

I n  t h e  first of these,  t h e  Parametric Program, t h e  f i n  geometry could be 
independently chosen by specifying t h e  r a t i o  of f i n  half-length to tube out- 
s i d e  radius 
e t e r  Ne. I n  t h e  second, or Minimum Weight Program, t h e  f i n  conductance 
parameter w a s  f ixed a t  a s ingle  value f o r  which t h e  f i n  weight w a s  very near 
a minimum f o r  a given heat-reject ion r a t e  from t h e  f i n  ( ref .  1 2 ) .  

L/Ro, t h e  tube ins ide  diameter D i ,  and t h e  conductance param- 

For both of these  analyses t h e  power cycle w a s  selected,  together with 
t h e  panel-header configuration (see f i g .  2), t h e  ins ide  diameter of t h e  tubes, 
and the  pressure drops. 
proceeded to generate a complete r a d i a t o r  design. 

With these data  as inputs,  t h e  computer programs 
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The various f a c e t s  of t h e  r ad ia to r  design analysis  were grouped con- 
veniently i n t o  severa l  computer subroutines. The MAIN subroutine takes  t h e  
propert ies  of t he  working f lu id ,  t h e  component e f f ic ienc ies ,  and t h e  e l e c t r i c  
power output requirement and computes t h e  cycle f l u i d  flow rate, the  r ad ia to r  
heat-reject ion rate, and t h e  qua l i ty  of t h e  working f l u i d  at t h e  turbine ex- 
haust. The MAIN subroutine a l so  reads the  inputs  and w r i t e s  t h e  outputs f o r  
t h e  e n t i r e  program. Inputs,  other  than those required by t h e  cycle, include 
t h e  physical and thermal propert ies  of t h e  materials used i n  t h e  r ad ia to r  and 
t h e  pressure losses .  Outputs include a complete descr ipt ion of t h e  geometry 
of t h e  rad ia tor ,  i t s  weight and area, and t h e  spec i f i c  heat re jec t ion ,  i n  Btu 
per  pound, f o r  t h e  f i n  and tube panel alone as w e l l  as f o r  t h e  e n t i r e  radiator .  

After t h e  MAIN subroutine has performed t h e  cycle calculat ions,  t h e  sub- 
rout ine  GUIDE assigns a f i rs t  approximate value to t h e  heat-reject ion rate f o r  
t h e  vapor header and to t h e  vapor veloci ty  a t  t h e  tube inlet. The approximate 
hea t - re jec t ion  r a t e  f o r  t h e  header permits an estimate of t h e  heat-reject ion 
r a t e  f o r  t h e  finned-tube panel. 
determines t h e  number of tubes required. 

The approximation of t h e  tube i n l e t  veloci ty  

The subroutine SUBW then determines t h e  finned-tube geometry, including 
tube armor thickness, f i n  width and thickness,  and an approximation to the  
ove ra l l  tube length required. 
i s  a l so  determined. The determination of t he  f i n  geometry i s  d i f f e r e n t  f o r  t h e  
Parametric and Minimum Weight Programs, and t h e  subroutine S U B W  cons t i tu tes  t h e  
chief d i f fe rence  i n  t h e  two programs. 

The armor surface temperature at  t h e  tube i n l e t  

The pressure drop i n  t h e  r ad ia to r  tubes i s  next obtained by subroutine 
SUBK t h a t  uses t h e  i n i t i a l  approximations f o r  veloci ty  and number of tubes. 
SUBK a l s o  determines t h e  ac tua l  tube length required f o r  condensing and sub- 
cooling t h e  vapor. The length  of t h e  vapor header can be determined f rom t h e  
number of tubes and t h e  finned-tube geometry. The diameter i s  determined from 
t h e  se lec ted  vapor header pressure drop by subroutine SUBH. 

Subroutine GUIDE now makes two calculations.  F i r s t ,  it determines 
whether t h e  pressure drop i n  t h e  tubes i s  less than or grea ter  than t h e  
assigned value. GUIDE then makes an appropriate correct ion on t h e  i n l e t  veloc- 
i t y  t o  t h e  tubes. GUIDE a l so  computes a new heat-reject ion r a t e  f o r  t he  vapor 
header based on t h e  previously calculated length and diameter. 
values of heat-reject ion rate and tube i n l e t  veloci ty ,  GUIDE c a l l s  on STJBW and 
SUBK to reca lcu la te  t h e  finned-tube geometry and t h e  tube pressure drop. This 
i t e r a t i v e  process i s  continued u n t i l  t h e  pressure drop matches t h e  assigned 
value. , SUBH then computes t h e  r ad ia to r  weights, planform area, and aspect 
r a t io ,  as well  as severa l  r a t i o s  among t h e  heat-reject ion rates and the  com- 
ponent and t o t a l  r ad ia to r  weights. 

With t h e  new 

BASIC INPUTS AND OUTPUTS 

The MAIN subroutine has three functions: (1) to read t h e  input  da ta  
required f o r  all programed calculat ions,  ( 2 )  to w r i t e  t h e  output tape, and 
(3) t o  execute t h e  thermodynamic cycle computations. 
subsequently, while t h e  d e t a i l s  of t h e  cycle calculat ions w i l l  be given i n  t h e  

The inputs  are summarized 
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sect ion t h a t  follows. For convenience, t h e  inputs  required by both programs 
can be divided i n t o  f i v e  categories: thermodynamic cycle, working f l u i d  prop- 
e r t i e s ,  panel configuration, space environment, and materials. The elements 
of these categories w i l l  be b r i e f l y  described, and t h e  corresponding de ta i led  
developments will be given i n  la ter  sections. 

Thermodynamic Cycle Inputs 

Eight inputs a r e  required f o r  t h e  cycle calculations.  S ta t ion  locat ions 
i n  the cycle can be i d e n t i f i e d  i n  t h e  schematic diagram of t h e  cycle ( f i g .  3) 
and t h e  temperature-entropy diagram ( f ig .  4 ) .  Inputs include the  turbine 
i n l e t ,  or peak cycle temperature, Tl ;  r a d i a t o r  temperature, T3 = Tz; t h e  amount 
of subcooling between s t a t e s  3 and 4, ATsc; t h e  required useful  e l e c t r i c a l  
power output, Pe; t h e  turbine and generator eff ic iencies ,  vt 
t ive ly ;  t h e  f r a c t i o n  of t h e  generator output avai lable  as useful power out- 
put Kp; and t h e  heat  lost by radiat ion upstream of t h e  turbine,  from the  
turbine casing, and by conduction away from the  turbine,  4 ' .  

and vg, respec- 

Working Fluid Propert ies  

The propert ies  of t h e  working f l u i d  are required i n  both t h e  cycle cal-  
culations and t h e  pressure drop calculations.  The enthalpy and entropy of t h e  
saturated vapor and l i q u i d  f o r  four  l i q u i d  m e t a l s ,  obtained from reference 15, 
were expressed as polynomial functions of temperature. The s p e c i f i c  r e l a t i o n s  
used a r e  given i n  appendix A. 

Other propert ies  derived from reference 1 6  t h a t  must be entered as inputs 
are:  t h e  v iscos i ty  of t h e  l i q u i d  and vapor, t h e  s p e c i f i c  heat of both phases, 
t h e  l i q u i d  density, t h e  vapor pressure corresponding to t h e  r a d i a t o r  in le t  tem- 
perature,  and an equivalent gas constank t h a t  satisfies t h e  r e l a t i o n  R = P/pgT 
f o r  t h e  vapor over t h e  temperature range encountered i n  t h e  radiator.  
of t h e  equivalent gas constant permits expressing vapor density d i f f e r e n t i a l s  
i n  terms of pressure and temperature d i f f e r e n t i a l s  i n  t h e  tube pressure drop 
calculations.  

U s e  

The vapor pressure f o r  potassium or ig ina l ly  obtained from reference 1 6  
The two pressures d i f fe red  by was compared with t h a t  given i n  reference 17. 

no more than 5 percent over t h e  temperature range from 1400' to 2000' R. 
equilibrium s p e c i f i c  heats  f o r  potassium vapor varied as much as 37 percent 
between t h e  two references over t h i s  same temperature range. No comparison 
between t h e  frozen s p e c i f i c  heats, used i n  the  computation of t h e  two-phase 
pressure drop, w a s  possible; however, inaccuracies i n  t h e  s p e c i f i c  heat of t h e  
vapor are expected to have negl igible  e f f e c t s  on t h e  computed results because 
of t h e  narrow temperature range encountered i n  t h e  radiator.  

The 

Panel Configuration 

The r a d i a t o r  programs a r e  capable of determining performance, weight, and 
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area f o r  t h ree  d i f f e ren t  panel arrangements of tubes and headers, as i l l u s -  
t r a t e d  i n  figure 2. Simultaneous r e s u l t s  f o r  four  d i f f e r e n t  tube in s ide  diam- 
e t e r s  can be obtained i n  one program execution. The tube in s ide  diameters are 
determined by t h e  following expression 

i n  which Z-i and ADi are program inputs  and n takes  on t h e  values from 
0 to 3. For t h e  Parametric Program, two geometric parameters t h a t  descr ibe t h e  
f i n s  must be included i n  t h e  inputs. These are t h e  conductance p a r m e t e r  Nc 
and t h e  r a t i o  of f i n  half- length to tube outs ide radius  L/%. 

I n  both programs t h e  pressure change i n  t h e  tubes and i n  t h e  vapor header 
can be selected.  The pressure loss due to turning and acce lera t ing  t h e  flow 
between t h e  vapor header and the  tubes i s  expressed as a mult iple  of t h e  dy- 
namic head i n  t h e  tubes by t h e  f a c t o r  KH. The l i n e r  thickness i n  the  vapor 
header (6 ) 

p l i ed  as inputs  to t h e  programs. 

and t h e  m a x i m u m  ve loc i ty  i n  t h e  l i q u i d  header must a l s o  be sup- 
C V H  

Meteoroid Protect ion 

Many of t h e  fac tors  t h a t  determine t h e  armor thickness required to pro- 
t e c t  t h e  r ad ia to r  from meteoroid penetrat ion have to be furnished. . Based on 
t h e  method of reference 18, these  include: meteoroid population parameters CL 

and p ,  densi ty  of t he  meteoroid pp, average meteoroid ve loc i ty  Vp, spa l l i ng  
f a c t o r  a, occlusion f ac to r  F, number of penetrations permitted N, probabil-  
i t y  of N penetrat ions P(z) ,  and mission t i m e  T. 

- 
- - 

- 

Material  Propert ies  

The m a t e r i a l  propert ies  of t h e  tubes and f i n s  a f f e c t  t h e  res i s tance  of 

Material  propert ies  t h a t  must be 
t h e  armor to meteoroid penetrat ion and heat t ransfer .  Mater ia l  densi ty  i s  a l s o  
required to determine t h e  r ad ia to r  weight. 
supplied are:  thermal conductivity of t h e  f i n  and tube kf and kt, dens i t i e s  
of f i n ,  tube, and l i n e r  
t i c i t y  of t he  tube armor 

pf, pt, and pc, respect ively,  and modulus of e las -  
Et. 

outputs 

I n  t h e  course of t h e  computations, a grea t  many r e s u l t s  a r e  computed and 
t r ans fe r r ed  to t h e  output tape. Those t h a t  appear on t h e  output format w i l l  
be indicated as they are derived i n  t h e  analysis.  
showing both inputs  and outputs, i s  included i n  appendix B. 
f o r  both computer programs are included i n  appendix E. 

A computer output sheet,  
F O R T "  statements 
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CYCLE ANALYSIS 

To design a direct-condensing rad ia tor ,  c e r t a i n  parameters must be known. 
These include mass-flow rate, heat-reject ion rate, r a d i a t o r  temperature, and 
vapor inlet  qual i ty .  While it would be possible  to develop a r a d i a t o r  design 
program i n  which t h e  foregoing parameters were required program inputs ,  a dif- 
f e r e n t  procedure w a s  adopted f o r  t h e  programs discussed i n  t h i s  report .  Be- 
cause these direct-condensing r ad ia to r s  were considered a p a r t  of a Rankine 
power generating system for use i n  space, an ana lys i s  of t h e  Rankine system 
w a s  included i n  t h e  computer programs, and appropriate results from t h i s  anal- 
y s i s  were used f o r  t h e  r a d i a t o r  design calculations.  Defining parameters f o r  
t h e  power cycle thus become t h e  input variables f o r  t h e  computer programs. 

The basic power generating system analyzed i s  shown i n  f i g u r e  3. It con- 
s is ts  of a b o i l e r  t o  vaporize t h e  working f l u i d ,  a tu rb ine  t o  dr ive  the  genera- 
t o r ,  a r ad ia to r  to r e j e c t  t h e  waste heat ,  a subcooler t h a t  i s  p a r t  of t h e  radi-  
a t o r  and t h a t  lowers t h e  l i q u i d  temperature below t h e  sa tura t ion  temperature, 
and a pump t o  c i r c u l a t e  t h e  condensed working f l u i d .  The heat source f o r  t he  
b o i l e r  need not be spec i f ied ,  bu t  could be a nuclear r eac to r  or a s o l a r  ab- 
sorber ,  f o r  example. I n  addition t o  the  heat radiated by t h e  r a d i a t o r  includ- 
ing t h e  subcooler (qm from t h e  vapor header and qr from the  finned-tube 
panel) ,  two o ther  hea t  l o s s e s  have been included i n  t h e  analysis. 
q '  i s  t h e  sum of t h e  hea t  radiated from t h e  b o i l e r  by t h e  piping between t h e  
b o i l e r  and t h e  tu rb ine  and from t h e  turb ine  casing, and t h e  heat conducted away 
by t h e  supports and tu rb ine  bearings. The second q" i s  t h e  heat radiated 
between t h e  tu rb ine  exhaust and t h e  rad ia tor .  Cooling of components such as 
t h e  generator and e l ec t ron ic  equipment i s  assumed t o  be accomplished by a sec- 
ondary coolant c i r c u i t  and r ad ia to r  and thus i s  not included herein. 

The f i rs t  

I n  t h e  Rankine cycle (see f ig .  4) t h e  f l u i d  leaves t h e  subcooler portion 
of t h e  r a d i a t o r  a t  state 4, and i s  pumped i n t o  t h e  b o i l e r  (state 5)  where heat  
i s  added t o  t h e  l i q u i d  a t  constant pressure u n t i l  s a tu ra t ion  temperature i s  
reached (state 6).  Further  addition of heat  vaporizes t h e  l i q u i d  completely 
(s ta te  1). I n  t h i s  cycle analysis,  operation with superheat w a s  not consid- 
ered. The sa tu ra t ed  vapor passes from s ta te  1 through t h e  tu rb ine  with a l o s s  
i n  temperature, a decrease i n  qua l i ty ,  and an increase i n  entropy to state 2. 
Heat i s  extracted from t h e  working f l u i d  a t  constant temperature t o  state 3, 
where a l l  t h e  f l u i d  has condensed. Further extract ion of hea t  i n  t h e  subcooler 
reduces the  temperature of t h e  l i q u i d  to state 4. 

Pressure changes o ther  than those i n  t h e  tu rb ine  and t h e  pump have been 
neglected. Those pressure changes i n  t h e  r a d i a t o r  have l i t t l e  e f f e c t  on t h e  
thermodynamics of t h e  cycle but are important i n  t h e  r a d i a t o r  design. Accord- 
ingly,  t h a t  p a r t  of t h e  ana lys i s  which i s  devoted t o  pressure drops i n  the  
headers and tubes of t h e  r ad ia to r  w i l l  be de t a i l ed  i n  t h e  two sec t ions  HEADER 
DESIGN and RADIATUR TUBE PRESSURE DROP AND LENGTH. 

I n  t h e  der ivat ion of t h e  cycle quan t i t i e s  t h a t  follows, it should be noted 
t h a t  two hea t  flow rates are used: t h e  t o t a l  hea t  flow rate, designated by Q 
and expressed i n  Btu pe r  hour, and t h e  s p e c i f i c  heat  flow rate q, t h a t  i s ,  t h e  
heat flow rate divided by t h e  mass flow rate expressed i n  Btu per  pound. The 
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two a r e  re la ted  by Q = 3600 Wq. 

Flow R a t e  

The heat input to t h e  cycle &in i s  equal to t h e  total .  amount of heat 
added t o  t h e  working f lu id .  Most of t h e  heat i s  supplied by the  b o i l e r  &b, 
but  some comes from t h e  pump i n  t h e  amount of 3600 Wqp. 

Qb + 3600 Wqp. 

r a i s e  t h e  temperature of the  subcooled working f l u i d  to saturat ion and t o  
vaporize it completely. 
enthalpy and entropy, 

Thus Qin = 
The heat  input can a l so  be described as t h e  heat required t o  

From f i g u r e  4 it can be seen t h a t ,  i n  terms of 

and 

The work output, expressed i n  heat un i t s ,  i s  given by 

3414 P, 
= Qin - Qs %% Qout = (3) 

where Qs, t h e  heat re jec ted  from t h e  e n t i r e  system, i s  given by 

Qs = 3600 i ( q f  + q" + q m  + qr) ( 4 )  

The heat t h a t  must be extracted from one pound of  turbine exhaust i s  given 
by T3(Sz - S3) -!- H 3  - H4. This heat i s  diss ipated by radiat ion from t h e  
piping between the  turbine and t h e  radiator ,  the  vapor header, and the  radi-  
a t o r  panel and can be expressed as 

q" + + q r  

Equating these two heat quant i t ies  

and subs t i tu t ing  equation (5) i n t o  equation (4)  give t h e  system heat-reject ion 
rate : 

Qs = 3600 fibf + T g ( S 2  - S3) + H3 - H4] (6) 

Then, combining equations ( Z ) ,  (3), and (6)  y ie lds  t h e  following equation 
f o r  weight flow: 
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0.948 P- e w =  ( 7 )  

The weight flow equation can be f u r t h e r  s implif ied by introducing t h e  turbine 
eff ic iency qt and t h e  concept of t h e  i d e a l  work f o r  t h e  cycle W. I d e a l  
work can be wr i t ten  as 

- 

The turbine eff ic iency i s  expressed as cycle work output divided by i d e a l  work 
output, s o  from equations ( 2 ) ,  (3), and (6) 

and 

If equations (8) and (10) a r e  inser ted  i n  equation ( 7 ) ,  t h e  r e s u l t  i s  a useful  
equation f o r  determining t h e  weight flow i n  terms of t h e  system parameters. 
Thus, 

- 
where W i s  Tefined by equation (8) 

Thus far, t h r e e  quant i t ies  appearing on t h e  computer pr intout  sheet 
(appendix B) have been computed. .These a r e  qn = &IN from equation (Z), 
W = WBAR from equation (8), and W = WDOT from equation (ll). Equation (8)  
requires only cycle temperatures, thermodynamic propert ies  of the  working 
f l u i d ,  and a heat loss ,  a l l  of which a r e  computer program-inputs. With t h e  
use of t h e  r e s u l t s  of equation (8), t h e  cycle flow r a t e  
equation (ll), since t h e  parameters Pe, %, vgy and Tt are all inputs. 

- 

W i s  computed from 

Qual i ty  a t  Turbine Exhaust 

The vapor qual i ty  a t  t h e  turbine exhaust QUALZ can be calculated from 
f igure  4: 

The entropy difference S2' - S3 i s  known from t h e  thermodynamic propert ies  of 
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t h e  working f lu id ,  s ince  S 2 t  = S1, and S2 - S z t  can be calculated from 
equation (10). The denominator S2" - S3 i s  a l so  a function of t h e  thermo- 
dynamic properties.  Thus, QUAL2 can be obtained from inputs and equations (10) 
and (12) .  

Heat-Rejection Rates 

The heat-reject ion r a t e  from t h e  system can be computed by 
severa l  r e l a t ions  already developed. Thus, from equation ( 2 )  

Qs  = Qin - Qout 

and f r o m t h e  general  r e l a t ion  between Q and q 

Qs = 3600 %gin - 
Inclusion of equations (10) and (11) yie lds  

combining 

(13) 

The heat-reject ion rate for t h e  r ad ia to r  i s  made up of hea t  r e j ec t ion  from t h e  
panel and from t h e  vapor header: 

Qr f QVH = Qre j  = Qs Q' Q" (14) 

The divis ion of heat  r e j ec t ion  between the  panel and t h e  vapor header w i l l  be 
discussed i n  a la te r  section. I n  these  computer programs Q" w a s  considered 
t o  be zero. 

Thermal and Cycle Eff ic ienc ies  

The thermal. eff ic iency i s  computed as 

- 
W - -  %hem - qin 

and t h e  cycle eff ic iency as 

% = Vtvtherm (16) 

These two e f f i c i enc ie s  Vtherm and vc appear i n  t h e  output sheet as E'I'HERM 
and ETAC, respectively.  The temperature r a t i o  across t h e  turb ine  appears i n  
t h e  output as T2/Tl. 

15 



FIN AND W E  GEOMETRY 

I n  order t o  determine t h e  cross-sect ional  geometry of a r ad ia to r  finned- 
tube panel, it i s  necessary t o  develop equations t h a t  describe t h e  panel con- 
f igura t ion  i n  terms of t h e  heat-reject ion requirements, t h e  tube armor re -  
quirements as spec i f ied  by meteoroid pro tec t ion  considerations,  and the  mag- 
nitude of t h e  vapor header heat  re ject ion.  Program inputs  required f o r  t h i s  
phase of t h e  r ad ia to r  design cons is t  of: t h e  conductance parameter Ne and 
t h e  r a t i o  
tube in s ide  diameter, tube in s ide  w a l l  temperature, finned-tube and vapor- 
header heat-reject ion requirements, and meteoroid protect ion c r i t e r i a  and 
property inputs. 

L/% ( f o r  t h e  determination of t h e  ove ra l l  blackbody ef fec t iveness) ,  

The required outputs consis t  of :  t h e  ove ra l l  blackbody effect iveness ,  
tube w a l l  temperature, tube w a l l  thickness,  and f r ac t ion  of t he  t o t a l  r ad ia to r  
heat  re jec ted  by t h e  f i n s  and tubes. 

Assumptions 

The central-finned-tube-radiator configuration considered f o r  t h e  analysis  
i s  composed of an inner  l i n e r  tube, meteoroid pro tec t ion  sleeve, and a rectan- 
gu lar  f i n  as shown i n  f igu re  5. The thermal ana lys i s  of t h i s  geometry con- 
s ide r s  t h e  general  case of a rectangular f i n  of length L and thickness t 
attached to a tube whose temperature To i s  constant over t h e  outer  surface. 
Energy input t o  t h e  f i n  i s  comprised of heat  conduction along t h e  f i n  from t h e  
f i n  and tube in t e r f ace  and incident  rad ia t ion  from t h e  two tube surfaces. 
Radiant emission is  from both surfaces of t h e  f i n  to t h e  surrounding environ- 
ment. 

The spec i f i c  assumptions used i n  t h e  development of t h e  f i n  hea t - t ransfer  
r e l a t ions  f o r  both t h e  Minimum Weight Program and t h e  Parametric Program are 

(1) The r ad ia to r  surfaces a c t  as gray bodies with incident  and emitted 
rad ia t ion  governed by Lambert's cosine l a w .  

( 2 )  The space s ink temperature i s  assumed to be zero (see appendix C ) .  

(3) One-dimensional radial  heat t r a n s f e r  i s  assumed through t h e  tube w a l l .  

(4 )  Steady-state one-dimensional heat  flow i n  t h e  f i n  i s  assumed. 

(5) Material. propert ies  are constant and evaluated a t  t h e  f i n  base t e m -  
perature. 

( 6 )  The development of t he  f i n  and tube angle f ac to r s  i s  based on an in -  
f i n i t e  length finned tube. 

( 7 )  Fin thickness i s  neglected i n  t h e  formulation of t h e  angle f ac to r s  
and the  tube and f i n  surface area (ref. 19 ) .  

(8 )  The vapor header emits energy from i t s  f u l l  ou ter  surface. 
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Parametric Program 

The Parametric Program analysis  treats an approximation to t h e  general  
heat- t ransfer  case f o r  gray-body emission with mutual i r r a d i a t i o n  between f i n  
and tube. The exact gray-body analysis,  formulated i n  reference 7, has been 
shown to be extremely comglicated. Reference 7 a l s o  presents a simplified 
approach t h a t  assumes all t h e  surfaces a c t  as blackbody radiators  and absorb- 
ers. This last analysis  has been used f o r  t h e  invest igat ion reported herein 
with t h e  e f f e c t  of surface emissivity l e s s  than uni ty  superimposed on the  
blackbody solution. 
took i n t o  account t h e  cavity e f f e c t  introduced by t h e  tubes and cent ra l  f in .  
The cavi ty  analysis i s  given i n  appendix D. 

The emissivity w a s  handled i n  an approximate manner t h a t  

Radiating effectiveness. - The heat-reject ion rate from t h e  f i n  per u n i t  
a x i a l  length i s  equal to t h e  heat-conduction rate i n t o  t h e  base of the  f i n  
given by Fourier 's  heat-conduction equation: 

If  X = x/L 
dimensional temperature gradient a t  t h e  f i n  base: 

and 8 = T/To, equation ( 1 7 )  may be rewri t ten i n  terms of a non- 

where Nc 
p o t e n t i a l  of t h e  f i n  and i s  given as 

i s  defined as t h e  r a t i o  of t h e  rad ia t ing  poten t ia l  to conducting 

and 

x=o 
The nondimensional temperature gradient a t  X = 0 can be solved from t h e  f o l -  
lowing equation t h a t  describes an energy balance on a d i f f e r e n t i a l  element of 
t h e  f i n  (ref. 7 )  : 

The angle f a c t o r s  Fx-1 and Fx-2 i n  equation (19) describe the  f r a c t i o n  
of energy t h a t  leaves a d i f f e r e n t i a l  element of area 
intercepted by t h e  tubes. 

Z dx on t h e  f i n  and i s  
The angle f a c t o r s  may be evaluated from expressions 
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t h a t  a r e  t h e  r e s u l t  of a r e l a t i o n  which appl ies  to finned tubes of i n f i n i t e  
length ( re f .  20, eq. (31-58)). This assumption i s  j u s t i f i e d  by noting t h a t  
t h e  finned-tube length 
length L (Z/L > 10). 

Z i s  generally considerably grea te r  than t h e  f i n  
These relat ions,  obtained from reference 7, a r e  

and 

1 
3 ' ~ - 2  = - 2 

J L L 

RO 7 + 2 - x  

Equation (19) can then be solved f o r  f ixed  values of L/R, and Ne 
to yie ld  0 as a-funct ion of X and t h e  value of t h e  slope of 0 against  X 
a t  t h e  f i n  base ex,o. 
i n  equation (18) to determine t h e  f i n  heat re ject ion.  

The slope of t h e  temperature p r o f i l e  can then be used 

The blackbody heat-reject ion rate from t h e  tube per u n i t  length a t  a con- 
stant outer  surface temperature i s  given by 

where 8 as a function of X i s  obtained from t h e  solut ion of equation ( 1 9 ) .  

The preceding heat-reject ion rates f o r  f i n s  and tubes can be expressed as 
f rac t ions  of t h e  heat r a t e  radiated from a blackbody f l a t  p l a t e  with i n f i n i t e  
thermal conductivity and width equal to 
t i o n  i s  given as 

2(L + %). This reference heat  re jec-  

- 
'ideal - 

The f i n  rad ia t ing  effect iveness  i s  then defined as 

- 
where qf i s  obtained from equation (18). The blackbody tube effectiveness 
i s  defined as 
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- 
where % i s  obtained from equation (20) .  Thus, the  overal l  blackbody heat- 
r e j e c t i o n  r a t e  per u n i t  length of f i n  and tube can be writ ten as 

and t h e  overal l  blackbody f i n  and tube effectiveness i s  then 

* qr  * 
= -  = 7; + Vf r 

'ideal 

* The overa l l  blackbody effectiveness qr, which i s  
t i o n  (25), i s  a function of t h e  inputs Ne and L/%. 
of 7; a r e  shown p lo t ted  against  t h e  r a t i o  L/Ro f o r  
conductance parameter Ne i n  f igure  6. 

(25) . 
obtained from equa- 

several  values of t h e  
I l l u s t r a t i v e  var ia t ions  

- 
The approximation t o  t h e  actual  heat radiated Qct f o r  a gray surface 

with B < 1 and t o  t h e  overa l l  gray-body effectiveness Tact 
by using t h e  concept of an apparent emissivity f o r  t h e  finned-tube cavity i n  
t h e  re la t ions  as follows: 

i s  accomplished * 

- 
where 
for several  values of surface hemispherical emissivity E i n  f igure  7. 

E, as developed i n  appendix D, i s  shown p lo t ted  a g a i n s t  t h e  r a t i o  L/% 

Tube w a l l  temperature drop. - The previous re la t ions  were a l l  based on t h e  
outer  tube w a l l  temperature To. 
perature i n  t h e  tube and on t h e  temperature drop across t h e  tube w a l l .  This 
temperature drop i s  dependent on t h e  tube w a l l  thickness, which, i n  turn,  i s  
dependent on t h e  rad ia tor  vulnerable area. For purposes of r e l a t i n g  t h e  f l u i d  
and outer  w a l l  temperatures, a simplified approach for determining t h e  tube 
length and vulnerable area i s  used t h a t  assumes t h e  ins ide  tube w a l l  tempera- 
t u r e  along the  e n t i r e  tube length i s  equal t o  t h e  s t a t i c  temperature of t h e  
f l u i d  r* evaluated a t  i n l e t  conditions. This assumption a l so  i s  used i n  
determining t h e  increased tube length required f o r  subcooling. 
length of the  rad ia tor  and subcooler tube portions i s  determined by t h e  pres- 
sure  drop analysis  considered i n  t h e  section RADIATOR TUBE PRESSURE DROP AND 
LENGTH. 

This value i s  dependent on t h e  f l u i d  tem- 

The exact 

The r e l a t i o n  between t h e  ins ide  and outside tube temperatures i s  based on 
a one-dimensional heat balance t h a t  assumes heat i s  re jec ted  from t h e  tube out- 
s i d e  surface by rad ia t ion  only, This equation obtained from reference 21, 
(p. 82 )  is  given as 
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This equation assumes a uniform temperature on t h e  i n s i d e  tube w a l l  and no tem- 
perature drop across t h e  tube l i n e r .  The temperature T* i s  determined from 
the  fcllowing expression, s i m i l a r  t o  equation (70)  : 

= T2 ( 1 - - s) 
where T2 i s  t h e  r a d i a t o r  i n l e t  f l u i d  stagnation temperature i n  OR and I+, i s  
t h e  tube i n l e t  vapor velocity. The rad ia tor  tube l i n e r  thickness 6, required 
i n  equation ( 2 7 )  w a s  made a function of t h e  i n s i d e  tube diameter given by t h e  
a r b i t r a r y  schedule 6, = 0.04 Di.  

Armor thickness. - The tube armor thickness 6, used i n  equation (27)  i s  
determined by using t h e  meteoroid protect ion c r i t e r i a  given i n  reference 18, 
which i s  based on a comprehensive and d e f i n i t i v e  appraisal  of t h e  da ta  and 
theor ies  avai lable  concerning t h e  meteoroid penetrat ion phenomenon. 
t o  reference 18, t h e  r e s u l t a n t  equation f o r  the  armor thickness 6a i s  given 

According 

by 

where 
- 
F 1.0 

a 1. 75 

0.44 gm/cc 
pP 
- 
Vp 98,400 f t / s e c  

a 0 . 5 3 ~ l . O - ~ ~  gp/( sq  f t )  (day) 

p 1.34 

The t o t a l  exposed area  to be protected A, i s  assumed t o  be the  outer  
surface of t h e  tubes and vapor header. The l i q u i d  header contribution i s  
assumed to be negl ig ib le  s ince i t s  surface a rea  i s  s m a l l  compared with t h a t  
of t h e  vapor header. Thus 

The rad ia tor  tube vulnerable area 
surface area of t h e  tube and i s  given by t h e  expression 

A t  i s  taken as t h e  e n t i r e  circwnferential  
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4 = f i D o E  (31) 
- 

where t h e  approximate t o t a l  tube length NZ i s  defined by t h e  expression 

The heat re jec ted  by t h e  tubes and f i n s  Qr can be relate: t o  t h e  f rac-  
Xm t i o n  of t he  t o t a l  r ad ia to r  heat  re jec ted  by t h e  vapor header according t o  

Combining equations (31) t o  (33) then y ie lds  

Accordingly, t h e  outs ide area of t h e  vapor header can be wr i t ten  i n  terms of 
i t s  heat  r e j ec t ion  rate as 

where Fm is  t h e  geometric angle f a c t o r  from t h e  vapor header t o  space. A 
value of F m  = 0.85 has been used i n  these  programs. For s implici ty ,  equa- 
t i o n  (35) assumes t h a t  t h e  header surface emits a t  t h e  same temperature as the  
vapor header i n l e t  s tagnat ion temperature. The s m a l l  e r r o r  involved i n  t h e  
header surface temperature w i l l  have a negl ig ib le  e f f e c t  on t h e  r ad ia to r  panel 
performance s ince t h e  heat  r e j ec t ed  from t h e  header i s  only of t h e  order of 
5 percent of t h e  t o t a l  r ad ia to r  heat  re ject ion.  
(35) i n t o  equation (30) y ie lds  

Inse r t ing  equations (34) and 

r 1 

It i s  implied i n  equations (30) t o  (36) t h a t  t h e  tubes and vapor header should 
be t r e a t e d  as an e n t i t y  with regard t o  meteoroid protection. 
tubes and t h e  vapor header a r e  given t h e  same protect ion (armor thickness).  

Therefore, t he  

Equations (29 )  and (36) are p a r t  of a s e t  of equations t h a t  y ie lds  t h e  
w a l l  thickness of t h e  r ad ia to r  tubes. Solution of these  equations requires  
inputs  of L/%, Nc, Tact * from equation (26) ,  t o t a l  r ad ia to r  heat r e j ec t ion  

2 1  
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from the  cycle analysis,  and the , f rac t ion  of 'the t o t a l  heat re jec ted  by t h e  
vapor header Xh. The value Xw i s  obtained from equations t h a t  determine 
t h e  amount of heat  re jec ted  by t h e  vapor header and a r e  given i n  a la ter  
sect ion of this report .  Ea, v u l -  
nerable area A,, and t h e  tube outside temperature To. 

The r e s u l t s  consis t  of t h e  armor thickness 

Minimum Weight Program 

Since t h e  previous procedure generally requires  a l a r g e  number of calcula- 
t i o n s  to determine a minimum weight r a d i a t o r  or a r a d i a t o r  of s p e c i f i c  geometry 
(through t h e  var ia t ion  of Ne and L/F$,), a less exact analysis  i s  developed 
t h a t  can be used f o r  preliminary design purposes or for a parametric study of 
var iables  other  than finned-tube geometry. This procedure produces a s ingle  
rad ia tor  design t h a t  i s  approximately a minimum weight rad ia tor  configuration. 
The analysis  cannot be used i f  a s p e c i f i c  r a d i a t o r  area requirement or s p e c i f i c  
f i n  and tube dimensions a r e  d ic ta ted  by vehicle-radiator  in tegra t ion  or con- 
struction. 

The design of a r a d i a t o r  tube panel having a minimum weight per  u n i t  heat 
re jec t ion  follows t h e  procedure given i n  reference 12. This method formulates 
t h e  general expression for t h e  t o t a l  f i n  and tube heat re jec t ion  per u n i t  
weight, takes i t s  f i r s t  der ivat ive with respect  to f i n  length L and f i n  
thickness t, sets t h e  der ivat ives  equal to zero, and combines t h e  two expres- 
sions. The r e s u l t a n t  equation describes t h e  r e l a t i o n  between t h e  slope of the  
f i n  temperature p r o f i l e  a t  t h e  f i n  base and t h e  value of t h a t  w i l l  y i e l d  
a minimum weight finned-tube radiator.  Using these r e s u l t s  along with t h e  
equation obtained from d i f f e r e n t i a t i n g  t h e  equation f o r  finned tube heat re- 
jec t ion  per u n i t  weight with respect to f i n  half  length L and s e t t i n g  it 
equal to zero y ie lds  a cubic equation t h a t  provides t h e  f i n  half-length f o r  
maximum €&/Wr f o r  a given tube s i z e  and material. This equation i s  given as 

I n  addi t ion to t h e  overa l l  assumptions previously mentioned, it i s  f u r t h e r  
assumed f o r  equation (37) t h a t  

(1) The f l a t  p l a t e  f i n  eff ic iency vf i s  a constant (0 .55)  approximating 
This f ixed value i s  given by t h e  expres- conditions f o r  a minimum weight f i n .  

s ion vf = -;/$Ne where t h e  value of €Ne f o r  m a x i m u m  Qr/Wr equals 0.90. 
The value of 8 i s  obtained from the  solut ion of equation (19) .  

( 2 )  The tube surface e f f e c t  on t h e  f i n  Ff 
of 0.85 and independent of emissivity, Ne, or t h e  

i s  assumed constant at  a value 
r a t i o  ( ref .  7). L/R, 

(3) The r a d i a t o r  tube radiant  interchange f a c t o r  F t  i s  a l so  assumed con- 

22 



s t a n t  a t  a value of 0.85 and i s  not affected by emissivity, Nc, o r  
( re f .  7) .  

L/% 

(4)  The emissivity E 
finned-tube-cavity e f fec t .  

i s  an a r b i t r a r y  value and not affected by t h e  

Once t h e  f i n  length has been determined from equation (37), t h e  remaining 
dimension t h a t  describes t h e  f i n  geometry, i t s  thickness, can be calculated 
from t h e  r e l a t i o n  

This approach optimizes only t h e  f i n  and tube and does not take i n t o  
account t h e  vapor and l i q u i d  header t h a t  could have an influence on t h e  opt i -  
mum value of cNC and t h e  r e s u l t a n t  finned-tube configuration. Equation (37 )  
i s  based on t h e  outside tube temperature and does not involve t h e  inside tube 
temperature nor the  r e s u l t a n t  KC across the  w a l l .  Equation (27)  i s  used to 
obtain t h i s  temperature drop i n  t h e  same manner t h a t  w a s  employed i n  t h e  
Parametric Program analysis.  

The tube armor thickness Fa i s  again obtained from equation (29), which 
requires  inputs of meteoroid f lux and density constants along with a descrip- 
t i o n  of t h e  vulnerable a rea  of the  tubes and vapor header To obtain t h e  
expression f o r  vulnerable a rea  appropriate to t h e  Minimum Weight Program, It i s  
necessary to rewri te  t h e  heat-reject ion equations f o r  t h e  tube and the  f i n  by 
using t h e  approximations and parameters of t h i s  program: 

A,. 

and 

(40) 
4 Qf = 47 F LE~T,NZ 

f f  

while the  t o t a l  heat re jec ted  by t h e  panel i s  given by 

Qr = Qt f 

Combining equations (39)  to (41) yields  

o r  

t 
Introducing X t f  = Qr/Qrej gives 
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The heat rad ia ted  by t h e  vapor header i s  given by 

o r  

Adding equations (44) and (46) and expressing 
and l i n e r  and armor thickness gives t h e  vulnerable area: 

Do i n  terms of i n s ide  diameter 

Equations ( 3 7 ) ,  ( 3 8 ) ,  and (47) requi re  inputs  of tube in s ide  diameter, 
l i n e r  thickness,  t h e  f r a c t i o n  of t h e  t o t a l  heat  re jec ted  by t h e  vapor header, 
t h e  cycle requirements, and t h e  values of t h e  previously mentioned constants. 
The simultaneous solut ion of equations (27),  (29) ,  ( 3 7 ) ,  ( 3 8 ) ,  and (47) y ie lds  
values of t h e  parameters 63, t, L, To, and A,. 

HEADER DESIGN 

After t h e  f i n s  have been designed by e i t h e r  of t h e  two procedures j u s t  
discussed, t h e  computer program proceeds with the  header design. 
was made su f f i c i en t ly  f l e x i b l e  and inclusive s o  as t o  be ab le  t o  generate 
header designs f o r  each of t he  configurations i l l u s t r a t e d  i n  f i gu re  2. For 
a l l  configurations, t h e  vapor header i s  made up of one ( i n  t h e  case of t h e  two- 
panel configuration) or two ( i n  t h e  case of t h e  one- o r  four-panel configura- 
t i o n s )  symmetrical sect ions generated by a ro t a t ed  parabola given by t h e  equa- 
t i o n  

The program 

where t h e  constant b describes the  dis tance from t h e  ver tex of t h e  parabola 
t o  i t s  foca l  point  as shown i n  f igu re  8. The parabolic shape r e s u l t s  from the  
provision t h a t  t he  vapor ve loc i ty  be constant throughout t he  vapor header 
length. The condensing tubes, i n  a l l  configurations,  a r e  d i s t r ibu ted  evenly 
along t h e  vapor header and end i n  l i q u i d  headers of constant diameter. 
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Header Surface Area 

Vapor header. - The vapor header design w a s  s t a r t e d  by applying t h e  gen- 
eral formula f o r  t h e  a rea  of a paraboloid of revolution f o r  t h e  parabola 
described by equation (48). This expression (ref .  22, p. 148) i s  given i n  
terms of t h e  geometry of f igu re  8 as 

where t h e  f a c t o r  x 
paraboloid. Expanding equation (49) and neglecting terms t h a t  involve b2 and 
b3 

describes t h e  running coordinate along t h e  length of t h e  

give t h e  surface area of t h e  paraboloid: 

Equation ( 5 0 ) ,  which i s  f o r  a s ing le  paraboloid, can be rewri t ten i n  terms 
of t h e  nouenclature of t h e  configuration shown i n  f igu re  8. When D = h, 

and 

The r e su l t an t  equation, which i s  a general  expression f o r  t h e  e n t i r e  surface 
a rea  f o r  a s ingle  or multipanel vapor header, can be given as 

The f ac to r s  ml, m2, and m3 are e s s e n t i a l  constants t h a t  describe t h e  e f f e c t  
of t h e  var ia t ion  i n  t h e  number of panels on t h e  vapor header configuration. 
The f ac to r s  m take on t h e  following values f o r  one-, two-, and four-panel 
configurations as shown i n  f igu re  2: 

1 1/2 1/2 

1/2 

I 

The quantity Y i n  equation (51) i s  defined as t h e  physical length of t h e  
vapor header f o r  each panel configuration and i s  given by t h e  expression 



The number of rad ia tor  tubes N i n  t h e  previous equation i s  determined 
by using t h e  following equation, which i s  an i n i t i a l  approximation based on 
flow continuity at t h e  tube inlet: 

where t h e  tube i n l e t  vapor veloci ty  uo 
t h e  program. 
along t h e  header length due to t h e  condensation and would vary a t  each indi-  
vidual rad ia tor  tube i n l e t ,  it i s  assumed f o r  s implici ty  i n  t h i s  analysis  t h a t  
a l l  t h e  tubes w i l l  be at  a constant i n l e t  quali ty.  
t h e  header i n l e t  qua l i ty  (QUALZ) and t h e  i n l e t  qua l i ty  to t h e  r a d i a t o r  tubes 
(QUAL*) i s  

i s  a var iable  t h a t  i s  i t e r a t e d  upon i n  
Even though t h e  vapor qual i ty  i n  t h e  header w i l l  be decreased 

The expression t h a t  relates 

qvH QUAL* = QUALZ - - h (54) 

Equation (54) depends on t h e  heat re jec ted  by t h e  vapor header and can be ob- 
ta ined from t h e  expression 

I n  terms of t h e  m a x i m u m  header diameter and physical length of t h e  vapor header 
from equations (51) and (55), t h e  vapor header heat re jec t ion  i s  given as 

The m a x i m u m  diameter of t h e  vapor header 
equations w i l l  be obtained from t h e  vapor header pressure drop analysis  i n  t h e  
next section. 

% mentioned i n  t h e  previous s e t  of 

Liquid header. - Inasmuch as t h e  l i q u i d  header i s  generally qui te  small 
com2ared with t h e  vapor header, t h e  l i q u i d  header i s  assumed t o  have a constant 
diameter t h a t  i s  determined by applying t h e  continuity equation a t  t h e  header 
e x i t  : 

The m a x i m u m  f l u i d  veloci ty  at t h e  header e x i t  i s  assumed for calculat ion 
purposes to be 4 feet  per second to minimize t h e  pressure drop. 
area of t h e  l i q u i d  header i s  not included s ince  i t s  heat  re jec t ion  t o  space i s  

V, 
The surface 



generally ins igni f icant  compared with t h a t  of t h e  vapor header and finned-tube 
panel. 

Vapor Header Pressure Drop 

The pressure drop i n  t h e  vapor header i s  obtained by integrat ing t h e  
bas ic  Fanning equation 

2fP u2 
dP = - g w d x  

gD 

where D i s  the  l o c a l  header diameter a t  any point ( f ig .  8) and t h e  f r i c t i o n  
f a c t o r  i s  calculated f o r  s implici ty  by assuming one-phase turbulent flow. 
r e l a t i o n  f o r  the  f r i c t i o n  f a c t o r  i s  

The 

0.046 f =  
(ReD)" 

where Re, i s  t h e  local Reynolds number at any point on the header length and 
P 

u 

given as ReD = g%D. Furthermore t h e  vapor header diameter a t  any posi- 
PJ-LS 

t i o n  x can be obtained from equation (48) by using t h e  def in i t ion  of b and 
l e t t i n g  y = D/Z. This r e l a t i o n  i s  

The basic  Fanning pressure drop equation can now be expressed as 
2 0.092 Pg% 

where Re 
and t h e  vapor density i s  assumed constant and evaluated as a function 
of t h e  turbine o u t l e t  temperature T2 and pressure P2. Equation (60) can 
then be integrated between t h e  l i m i t s  x = 0 and x = mlY/2 t o  y i e l d  t h e  
pressure drop t h a t  i s  then compared t o  t h e  header inlet  pressure 

i s  t h e  Reynolds number based on t h e  maximum vapor header diameter 

pg 

P2: 

Equation (61)  can be rewri t ten and solved f o r  the  m a x i m u m  diameter of t h e  vapor 
header: 
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0.0035 7 pgu&mlY 
%I= 

The m a x i m u m  vapor header diameter can be determined f o r  a given value of 
AP/P, 
t ion ,  which is  based on flow continuity a t  t h e  header i n l e t ,  

by t h e  simultaneous solut ion of equation (62) and t h e  following rela- 

Equation (63) can a l so  be used t o  solve f o r  t h e  i n l e t  veloci ty  of t h e  vapor 
header once t h e  m a x i m u m  header diameter i s  determined. 

Liquid Header Pressure Drop 

The l i q u i d  header w a s  assumed t o  be of constant diameter throughout i t s  
length. 
equation (58) along with the  previous def in i t ion  of f r i c t i o n  f a c t o r  over the  
increment of length dx: 

The equation for t h e  pressure drop i s  obtained by applying Fanning*s 

where t h e  veloci ty  of t h e  l i q u i d  var ies  along t h e  length of t h e  header and i s  
given a t  any point as 

4k3X 

pL"DLIiy?L 
2 v =  

Subst i tut ion of equation (65) i n t o  (64) along with t h e  Reynolds number re- 
wri t ten i n  terms of the  t o t a l  weight flow and m a x i m u m  l i q u i d  veloci ty  a t  t h e  
header e x i t  y ie lds  

(2v*)2 ,198 
dx -% dP = - 

350 Dm(Ym1)" 8(2Re~)o* 

Equation (66) can be integrated over t h e  l i m i t s  from x = 0 t o  x = mlY/2  t o  
obtain 
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where i s  t h e  pressure drop i n  t h e  l i q u i d  header and R ~ L  is  t h e  
Reynolds number corresponding to t h e  maximum l i q u i d  veloci ty  Vm. 

RADIATOR TUBE PRESSURF: DROP AND LENGTH 

The temperature-entropy diagram f o r  t h e  power-generation cycle has been 
redrawn i n  f igure  9 t o  include t h e  pressure losses  i n  t h e  radiator.  P a r t i a l  
condensation of t h e  working f l u i d  Jn t h e  vapor header r e s u l t s  i n  an entropy 
decrease between states 2 and 0. For simplicity,  it i s  assumed t h a t  t h i s  
condensation occurs a t  constant temperature. A drop i n  temperature occurs 
between t h e  state points  0 and * due to t h e  turning pressure l o s s  between 
t h e  header and t h e  tube and to the  increased f l u i d  veloci ty  i n  t h e  tube. This 
pressure drop i s  assumed t o  occur at  constant entropy. The wet vapor con- 
denses completely between states * and L, with a decrease i n  temperature 
corresponding t o  t h e  s t a t i c  pressure drop i n  the tube. S t a t e  L represents 
t h e  vapor-liquid i n t e r f a c e  i n  t h e  tube. The l iqu id ,  s t i l l  i n  t h e  tube, i s  
subcooled from L t o  4', where t h e  temperature difference between L and 4' 
i s  equal t o  the  temperature difference between 3 and 4, which i s  assumed i n  
t h e  cycle calculat ions f o r  subcooling (f ig .  4). 

I n  t h i s  sect ion of t h e  analysis,  computation w i l l  be made of t h e  required 
number and length of tubes commensurate with t h e  assigned pressure drop i n  t h e  
tubes. 

Header t o  Tube Turning Loss 

The sa tura t ion  temperature of the  vapor a t  t h e  condensing tube entrance 
W w a s  computed from t h e  difference between t h e  stagnation pressure i n  t h e  
vapor header and t h e  s t a t i c  pressure i n  the  tube entrance. The stagnation 
pressure i n  t h e  vapor header w a s  considered constant f o r  a l l  the  tubes, arid the  
aforementioned pressure difference w a s  assumed t o  come from turning t h e  flow 
from t h e  vapor header i n t o  t h e  tubes and an increase i n  flow veloci ty  i n  t h e  
tubes. References 23  and 24 were used t o  obtain t h e  r e l a t i o n  between t h i s  
pressure difference and the  ve loc i t ies  i n  t h e  vapor header and tubes. 
u re  10 shows a p l o t  of t h e  r a t i o  of t h e  pressure difference (header stagnation 
minus tube s t a t i c )  t o  t h e  dynamic head at  t h e  tube i n l e t  KH against  t h e  r a t i o  
of t h e  veloci ty  a t  t h e  tube i n l e t  t o  t h e  header veloci ty  D a t a  are 
shown f o r  all airflow, a 0.86 qua l i ty  air-water mixture, both with entrance 
r a d i i  of 0 .1  inch; and t h r e e  curves f o r  all-water flow with entrance r a d i i  of 
0.0625., 0.125, and 0.375 inch. It i s  seen from t h e  curves f o r  water t h a t  in- 
creasing t h e  entrance radius  decreases t h e  value of The t rend exhibited 
f o r  w a t e r  flow i s  assumed t o  hold f o r  air or the  0.86 qua l i ty  air-water mix- 
ture. 

Fig- 

w/um. 

KH. 

The difference between t h e  stagnation pressure i n  t h e  header and t h e  
s t a t i c  pressure i n  t h e  tube entrance can be obtained from t h e  r e l a t i o n  

'7 

1 % AP = 5 g 
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i n  which t h e  density used i n  t h e  expression f o r  dynamic head i n  t h e  tube 
has been computed f o r  s implici ty  from t h e  stagnation pressure and temperature 
i n  t h e  header and t h e  equivalent gas constant previously defined. The d i f f e r -  
ence between t h e  stagnation temperature i n  t h e  header and t h e  sa tura t ion  t e m -  
perature i n  t h e  tube i n l e t  can then be calculated from Clapeyron's re la t ion ,  
which holds f o r  a vapor near saturation. 
change i n  T 

Pg 

The r e l a t i o n  s t a t e s  t h a t  f o r  a s m a l l  

CIT m = JhPg T 
i f  t h e  s p e c i f i c  volume of t h e  l i q u i d  i s  s m a l l  compared with t h a t  of t h e  vapor. 
Combining equations (68) and (69)  y ie lds  t h e  expression 

Since t h e  heat t ransfer red  across t h e  condensate f i l m  on t h e  tube inner  
w a l l  i s  proportional t o  t h e  product of t h e  condensing heat- t ransfer  coef f ic ien t  
and t h e  difference between sa tura t ion  temperature and t h e  tube ins ide  w a l l  t e m -  
perature, t h e  ins ide  w a l l  temperature w i l l  be nearly equal t o  t h e  sa tura t ion  . 

temperature T* f o r  t h e  rad ia tors  considered herein, provided t h e  condensing 
heat- t ransfer  coef f ic ien t  i s  high, f o r  example, of t h e  order of 10,000 Btu per  
hour per square f o o t  per OF. I n  these calculat ions,  f o r  simplicity,  t h e  tube 
ins ide  w a l l  temperature w a s  taken equal t o  as obtained from equation (70).  @ 

I n i t i a l l y ,  an estimate f o r  uo is  supplied by t h e  program. After t h e  
pressure drop i n  th .e  tubes i s  obtained, a new value of I-+, i s  computed t o  
cause t h e  calculated pressure drop t o  approach i t s  assigned value. This i t e r -  
a t i v e  procedure i s  controlled by t h e  subroutine GUIDE. 

Tube Pressure Drop and Condensation Length 

The length of t h e  r a d i a t o r  tube required f o r  condensation and t h e  pressure 
drop across it a r e  determined simultaneously by developing an incremental pres- 
sure drop over a small increment of tube length, and then performing a step- 
by-step numerical integrat ion over the  e n t i r e  length of t h e  tube. An energy 
balance f o r  a small length of tube i n  which a two-phase f l u i d  i s  flowing can 
be wri t ten by equating t h e  heat released by t h e  condensation of a s m a l l  amount 
of vapor h dwL t o  t h e  sm of t h e  heat energy radiated,  the  energy involved 
i n  t h e  change of sensible  heat, and t h e  energy required t o  change t h e  k i n e t i c  
energy of t h e  f lu id .  
f igure  11 with t h e  mass flows, enthalpies,  and ve loc i t ies  as indicated a t  
e i t h e r  end of t h e  section. The quantity 4 represents t h e  heat radiated per  
u n i t  length of finned tube. The energy balance f o r  t h e  element dx i s  

Consider a sect ion of t h e  finned tube i l l u s t r a t e d  i n  

(71)  + 1 (wL + dwL) ( V z  + ZV d V  + d V  d V )  + - 1 (Wg + dwg) (uz + ZU du + du d u )  
ZgJ ZgJ 
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where hL and hg a r e  t h e  enthalpies o f  the  l i q u i d  and vapor, respectively. 

I f  t h e  second-order d i f f e r e n t i a l s  a r e  eliminated 

Since t h e  heat o f  condensation h = hg - hL, 

- 4 q = K~cmDiT,/3600, t h e  energy equation (73) can be wri t ten as Because 

dT +- 'JFIwL 
KsartD T4 

3600 
h dWL = 

- (u2zi:2)dwL + dT + -]wg Jg (74) 

By t h e  Clausius-Clapeyron equation 

(75) 

t h e  energy balance can be transformed i n t o  

If t h e  veloci ty  d i f f e r e n t i a l s  and t h e  pressure d i f f e r e n t i a l  can be eliminated, 
t h e  r e s u l t  w i l l  give a r e l a t i o n  between t h e  length d i f f e r e n t i a l  and t h e  forma- 
t i o n  of t h e  condensate. 

From t h e  continuity equations f o r  t h e  l i q u i d  and t h e  vapor, with t h e  
assumption t h a t  t h e  dens i t ies  are constant within t h e  incremental tube length, 
t h e .  d i f f e r e n t i a l  v e l o c i t i e s  are 

and 

( 7 7 )  
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where R i  and R’ are t h e  f r ac t ion  of t h e  tube flow area A occupied by t h e  
l i q u i d  and t h e  vapor, respectively.  But 

g 

I 
R;I + Rg = 1 I d R ; + 4 = 0  

so t h a t  equation (78) can be rewri t ten i n  terms of t h e  l i q u i d  parameters 

- du - -  
1 - R i  

The d i f f e r e n t i a l  area f r ac t ions  can 

dwL 
w - WL 

- 

(79)  

be eliminated by recourse t o  t h e  cor- 
r e l a t i y n  of Lockhart and Mar t ine l l i  (ref. 25). 
R i  = RL(X), where t h e  cor re la t ing  parameter i n  t h e  turbulent- turbulent  regime 
i s  given by 

The reference shows t h a t  

1.8 0.2 

The turbulent- turbulent  regime w a s  assumed f o r  t h i s  analysis  when it w a s  d i s -  
covered tha t ,  f o r  r ad ia to r  designs near minimum weight, both t h e  vapor and t h e  
l i q u i d  ve loc i t i e s  were high enough throughout most of t h e  tube length t o  make 
t h i s  t h e  predominant regime. 

If it i s  assumed t h a t  t h e  p r inc ipa l  var ia t ion  i n  X2 i s  due to a change 
i n  wL, t h e  d i f f e r e n t i a l  of x2 is  given by 

and 

Then 

The funct ional  r e l a t i o n  between E& and X, shown i n  f igu re  1 of reference 25, 
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w a s  s tored  i n  t h e  computer by representing 
of l og  X. The der iva t ive  dRi/dX w a s  computed numerically from t h i s  repre- 
s entation. 

log  R i  as a polynomial funct ion 

Equations (77)  and (80) now become 

and 

- dWL 

wg 
- du = -  (l- 
U 

These expressions f o r  the ve loc i ty  d i f f e r e n t i a l s  can be subs t i tu ted  i n t o  
t h e  energy equation (74) to give 

2 u dWL 1 4 KE UaDiTo 
mL x) - Jg (1 - 0.9- 

Jg 
d x +  3600 h dwL = 

which involves dP, dx, and dwL only. The pressure d i f f e r e n t i a l  can be 
broken down i n t o  a f r i c t i o n  and momentum component 

dP = dPF + dPm (88) 

The f r i c t i o n  pressure loss per  u n i t  length w a s  computed fran t h e  Lockhart- 
Mar t ine l l i  cor re la t ion  ( re f .  25) 

where @ = @(X) and i s  t h e  f r i c t i o n  pressure drop i f  t h e  vapor flowed 
alone i n  t h e  tube and i s  given as 

3 

- 2 where u = 4wg/zDipg, and fg  = 0.046/(Re,)0'2 f o r  tu rbulen t  flow. Also 

and 

(91) 
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The d i f f e r e n t i a l  change i n  pressure caused by a momentum change i n  t h e  
two-phase flow can be expressed as 

By using t h e  expressions previously derived for t h e  der ivat ives  and assuming 
t h e  dens i t i e s  t o  be constant i n  t h e  i n t e r v a l  dx, 

and 

When t h e  pressure d i f f e r e n t i a l  i s  eliminated, t h e  f i n a l  form of t h e  energy 
equation i s  

This equation i s  used i n  t h e  following manner t o  f i n d  t h e  length of t h e  tube 
required for condensation Le. The equation i s  solved f o r  dx and numerically 
in tegra ted  u n t i l  t h e  vapor mass flow wg i s  reduced t o  zero. The in tegra ted  
value of x obtained when wg = 0 i s  then denoted as Le. I n  t h e  process of 
numerically in tegra t ing  equation (96), t h e  pressure drop equation (eq. (95) ) i s  
also in tegra ted  t o  give t h e  t o t a l  change i n  pressure over t h e  condensing tube 
length. 

To start t h e  numerical in tegra t ion  of equations (95) and (96),  it i s  
necessary t o  have t h e  i n i t i a l  values of all quan t i t i e s  involved corresponding 
t o  conditions a t  t h e  tube i n l e t  where x = 0. The m a s s  flow per tube i s  con- 
s t a n t  f o r  t h e  e n t i r e  tube length and can be obtained from 

where 
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4 W  QUAL* 
2 K P*UOD~ 

N =  
g 

(97) 

I n  t h e  foregoing equation W w a s  calculated from equation ( 7 ) ,  QUAL* w a s  cal-  
culated from equation (54), and D i  i s  p a r t  of t h e  input  data. The i n i t i a l  
vapor density a t  t h e  tube i n l e t  i s  given by 

and t h e  vapor veloci ty  at  t h e  tube inlet  i s  assigned by the  subroutine GUIDE 
as described i n  t h e  APPROACH sec t ion  of t h i s  report .  I n i t i a l  values f o r  some 
of t h e  var iables  then are obtained as follows: 

wg = w QUAL* and w L = w -  wg (99) 

I n i t i a l  values of X can be calculated from equation (81) a f t e r  which t h e  
curve f i t ,  b u i l t  i n t o  t h e  program, can determine t h e  corresponding value of 
RL. Equation (79 )  is  used t o  obtain Ri .  The i n i t i a l  value of t h e  l i q u i d  
ve loc i ty  i s  given by 

Subcooler Length 

I n  addi t ion t o  t h e  tube length Lc required to condense t h e  f l u i d ,  t h e  
tube must have addi t iona l  length su f f i c i en t  to subcool t h e  l i q u i d  t o  a pre- 
determined value. The hea t - t ransfer  equations for t h e  subcooler are 

dTL 
P L  dx - K E u K D ~ ~  = hsc(To - TL)gDi = 3600(c ) w - 

The d i f f e r e n t i a l  of t he  f i rs t  two equa l i t i e s  i n  equation (101) y ie lds  

~ K E  UT, 
dTL = (I + hsc3)dTo 

Subs t i tu t ing  equation (102) i n t o  equation (101) gives 

3600(c ) w 
-a = (. + 4Kz1!)dT0 

KE OXD& 

If t h e  temperature d i f fe rence  between t h e  outs ide tube w a l l  and t h e  l i q u i d  i s  
assumed negl igible ,  then equation (103) can be in tegra ted  t o  give the  sub- 
cooler length i n  terms of t h e  temperatures at  e i t h e r  end of t h e  subcooler: 
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Because of t h e  high hea t - t ransfer  coef f ic ien t  of a liqiuid m e t a l  hSc, t h e  
second term i n  equation (104) i s  small compared with t h e  first and w a s  
neglected i n  t h i s  analysis.  
length i s  

The programed form of t h e  equation f o r  subcooler 

1 300( Cp)LGDi 

K€ 0 Lsc = 

where G = w/A = 4w/fiDi. 2 

The t o t a l  r a d i a t o r  tube length Z w a s  t h e  combined length of t h e  con- 
densing portion and t h e  subcooler portion, t h a t  i s  

RADIATOR WEIGHT AND GEOMETFX 

With t h e  calculat ion of t h e  output parameters from t h e  cycle, finned-tube 
geometry, header, and pressure drop sections,  t h e  r a d i a t o r  weight and p lanfom 
a r e a  can be determined f o r  both t h e  Parametric and Minimum Weight Programs. 
The weights of t h e  various r a d i a t o r  components are given by t h e  following ex- 
pressions: 

Vapor header weight: 

Liquid header weight: 

The f i n  and tube panel weight can be calculated by using t h e  expression 

L 

The t o t a l  rad ia tor  weight i s  then obtained 
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vidual  contributions as 

w = WVH + Wm + wr 

The various inputs  required to obtain so lu t ions  f o r  t h e  previous equa- 
t i ons  describing r ad ia to r  weight are obtained by using t h e  r e s u l t s  of t h e  
optimization program plus  input  values of tube in s ide  diameter and mater ia l  
properties.  

The t o t a l  hea t  r e j ec t ed  by t h e  rad ia tor ,  which i s  an output of t h e  cycle 
program, i s  divided by t h e  t o t a l  r ad ia to r  weight obtained from equation (110) 
to form t h e  hea t  r e j ec t ed  per  u n i t  weight For t h e  Parametric Program 
t h e  m a x i m u m  heat  r e j ec t ed  per  u n i t  weight i s  a function of t h e  r a t i o  
conductance parameter Nc. A t yp ica l  p l o t  of Q r e j / W  i s  shown f o r  a spec i f i c  
example i n  f igu re  12. 

Qrej/W. 
L/% and 

I n  addi t ion to r ad ia to r  panel weight, it i s  a l so  of considerable i n t e r e s t  
Radiator planform to obtain t h e  required planform area of t h e  r ad ia to r  panel. 

a r ea  Ap i s  given by t h e  expression 

Thus, planform area w i l l  vary d i r e c t l y  with t h e  t o t a l  tube length NZ and w i l l  
a l s o  be a funct ion of t h e  r a t i o  L/%. R e s u l t s  f o r  planform area Ap are ob- 
ta ined  by using inputs  of tube in s ide  radius  and t h e  r a t i o  
values of N, Z, and 6a obtained from t h e  simultaneous solut ion of t h e  equa- 
t i o n s  describing heat  t r ans fe r ,  meteoroid protect ion,  and pressure drop. 

L / h  along with 

Additional f ac to r s  t h a t  describe t h e  r ad ia to r  geometry, which can be 
obtained by using t h e  r e s u l t s  of t he  optimization programs, a r e  t h e  panel 
aspect r a t i o  (panel width divided by t h e  individual  tube length)  W'/Z, f i n  
thickness t, and f i n  length  L. 

APPLICATION TO O'EER FINNED-TUBE CONFIGURATIONS 

The Parametric Program can be used to analyze finned-tube configurations 
o ther  than t h e  cen t r a l  f inned tube by making appropriate changes i n  t h e  SUBW 
subroutine. For each configuration a unique hea t - t ransfer  analysis  with i t s  
at tendant  v i e w  f a c t o r s  and ove ra l l  e f f ic iency  i s  required. A change i n  finned- 
tube configuration m w  a l so  e n t a i l  a change i n  t h e  computation of t h e  tube 
vulnerable area. 
t ion.  

The weight computations are a l so  unique f o r  each configura- 

Several  finned-tube configurations have been analyzed i n  reference 13. 
These include, i n  addi t ion to t h e  cen t r a l  f inned tube, t h e  open sandwich f i n  
tube (with and without f i l l e t ) ,  and t h e  closed sandwich f i n  tube with var iable ,  
s i d e  w a l l  thickness. Formulas f o r  view fac tors ,  ove ra l l  eff ic iency,  vulner- 
ab le  area,  and panel weight f o r  each of t h e  aforementioned configurations are 
given i n  reference 13. 
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RESULTS 

Calculations t h a t  use t h e  r e s u l t a n t  equations developed i n  t h e  analysis  
f o r  t h e  Parametric Program and t h e  Minimum Weight Program require inputs such 
as tube ins ide  diameter, r a d i a t o r  temperature, power leve l ,  cycle conditions, 
mater ia l  considerations, meteoroid protection c r i t e r i a ,  and tube and header 
pressure drop to specify a system completely. For t h i s  reason, weight opti-  
mizations and area determinations can only be made f o r  s p e c i f i c  cases. 
sample r e s u l t s  and compare t h e  two programs on a b a s i s  of heat re jec t ion  per 
u n i t  weight and r a d i a t o r  geometry, a s ingle  power l e v e l  and cycle were chosen. 
The power l e v e l  w a s  kept at  1 megawatt with potassium chosen as t h e  cycle 
f lu id .  
1700' R were used. 
cool t h e  condensate looo. 
generator e f f ic ienc ies  were set a t  0.75 and 0.90, respectively,  with 10 percent 
of t h e  generator output required f o r  accessories and controls. The emissivity 
of the  coating on t h e  f i n s ,  tubes, and headers w a s  taken to be 0.90, and the  
space e f fec t ive  s ink  temperature was assumed to be 0' R. 
were arranged i n  t h e  four-panel configuration shown i n  f igure  2. 

To show 

A maximum cycle temperature of 2460° R and a rad ia tor  temperature of 
It w a s  a l so  specif ied t h a t  t h e  rad ia tor  tubes would sub- 

Additional cycle requirements such as turb ine  and 

The tubes and headers 

Materials specif ied f o r  t h e  r a d i a t o r  include tube l i n e r s  made of columbium 
a l loy  and tube armor and f i n s  made of beryllium. 
e t e r s  from 0.375 to 1.125 inches were used i n  t h e  calculat ions with tube pres- 
sure  drop r a t i o  @€'/P* set  a t  5 percent. The vapor header pressure drop r a t i o  
was s e t  a t  2 percent with t h e  turning l o s s  coef f ic ien t  Q equal to 1.15. The 
l i q u i d  header w a s  designed with a m a x i m u m  e x i t  veloci ty  of 4 feet per second. 

Radiator tube ins ide  diam- 

Meteoroid protect ion thickness calculat ions assumed a survival  proba- 
b i l i t y  of 0.995 with a 500-day mission time and an occlusion f a c t o r  of unity. 
The meteoroid densi ty  and population parameters used were those given i n  t h e  
analysis  section. 

Using t h e  prescribed inputs  alone with t h e  programed equations of t h e  two 
programs enabled calculat ions and comparisons to be made of t h e  resu l t s .  

Parametric Program 

Results t h a t  show t h e  var ia t ion  i n  heat  re jec t ion  rate per u n i t  weight as 
a function of t h e  r a t i o  L/% f o r  several  values of conductance parameter Nc 
a r e  p lo t ted  i n  f i g u r e  1 2  for t h e  1-inch ins ide  tube diameter. 
s t a n t  Ne curve i s  seen t o  peak at  a s p e c i f i c  value of t h e  r a t i o  L/G.  The 
locus of the  m a x i m u m s  of f igure  1 2  i s  p lo t ted  i n  f i g u r e  13, together with t h e  
corresponding values f o r  t h e  other  th ree  diameters. I n  general, the  family of 
maximum Qre j /W can be represented by t h e  envelope curve around t h e  individual  
curves i n  f i g u r e  1 2 ,  or by a s i n g l e  curve through t h e  m a x i m u m  of each con- 
s t a n t  Nc curve. For t h i s  p a r t i c u l a r  analysis,  the  l a t t e r  curve w a s  chosen 
because there  w a s  l e s s  uncertainty i n  t h e  select ion of t h e  individual. maximums 
than i n  t h e  determination of t h e  tangents f o r  the  envelope curve. 

Each con- 

It i s  seen from f i g u r e  13 t h a t  t h e  m a x i m u m  Qrej/W occurs at  an N, i n  
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t h e  range from 0.5 to 1.0 depending on t h e  choice of tube inside diameter. At 
a tube ins ide  diameter of 0.625, which y ie lds  minimum weight, t h e  optimum con- 
ductance parameter Nc obtained i s  approximately 0.65. The corresponding value 
of t h e  r a t i o  L / Q  obtained f o r  a m a x i m u m  Qre j /W of 3090 Btu per hour per 
pound w a s  2.00 f o r  t h e  0.625-inch tube ins ide  diameter. It. can be seen from 
f i g u r e  13, however, t h a t  Nc can vary from 0.5 to 1.5 and produce only 3 per- 
cent var ia t ion  i n  t h e  specif ic-heat-reject ion rate. 

For high power l e v e l  systems t h a t  r e s u l t  i n  l a r g e  radiators ,  t h e  weight of 
t h e  vapor and l i q u i d  headers can be a s igni f icant  portion of t h e  t o t a l  r a d i a t o r  
weight. Figure 1 4  shows sample r e s u l t s  of t h e  r a t i o  of t h e  vapor plus l i q u i d  
header weights to t h e  overa l l  r a d i a t o r  weight f o r  t h e  conditions of maximum 
heat  re jec t ion  per u n i t  weight. At m a x i m u m  Qrej/W, which occurs approximately 
at  a tube ins ide  diameter of 0.625 inch and a conductance parameter of 0.65,the 
combined header weights accounted f o r  approximately 23 percent of t h e  total 
r a d i a t o r  weight. 

The r a d i a t o r  planform area p lo t ted  i n  f i g u r e  15 against  t h e  r a t i o  L/% 
f o r  various values of Nc and ins ide  tube diameter i s  obtained f o r  t h e  peak 
condition of Qrej/W shown i n  f igure  13. The t o t a l  var ia t ion  of planform area 
with tube i n s i d e  diameter f o r  a s p e c i f i c  value of t h e  r a t i o  i s  l e s s  than 
4 percent. 

L/% 

An addi t ional  f a c t o r  of i n t e r e s t  with respect  t o  t h e  geometry of t h e  radi-  
a t o r  i s  t h e  panel aspect r a t i o ,  which i s  defined as t h e  r a t i o  of panel 
width W e  to tube length Z. Figure 16 i s  a p l o t  of aspect r a t i o  W*/Z 
against  t h e  r a t i o  L/% f o r  the  four  tube diameters investigated. This set  
of curves i s  f o r  a four-panel rad ia tor  chosen f o r  t h e  analysis. The aspect 
r a t i o  of a panel increases i f  one or a l l  of t h e  following variables change: 
(1) t h e  r a t i o  L/% increases, ( 2 )  t h e  conductance parameter Nc increases,  
or (3) t h e  ins ide  tube diameter decreases. 
weight w a s  about 2.40. 

The aspect r a t i o  f o r  minimum 

Total f i n  thickness p lo t ted  i n  f i g u r e  1 7  against  t h e  r a t i o  L/R, f o r  
peak Qrej/W decreases with decreasing tube diameter or increasing Nc. For 
t h e  tube ins ide  diameters chosen, t h e  values of f i n  thickness obtained are all 
of reasonable f a b r i c a t i o n a l  magnitude. The f i n  thickness obtained f o r  minimum 
weight conditions i s  0.103 inch. 

Comparison of Parametric and Minimum Weight Programs 

It has already been s t a t e d  t h a t  t h e  conductance parameter Nc f o r  t h e  
'maximum specific-heat-re jec t ion  rate & r e j / W  i n  t h e  Parametric Program i s  
about 0.65. 
Program (1.0) has a minor e f f e c t  on t h e  optimum values of weight and geometry 
obtained f o r  t h e  c e n t r a l  finned-tube radiator .  Comparisons of t h e  values of 
two parameters L/R, and D i  y ie lding m a x i m u m  Qrej /W f o r  t h e  two programs 
a r e  shown p lo t ted  i n  f igures  18 and 19. 
re jec t ion  rate i n  Btu per  hour per  pound i s  p l o t t e d  against  tube ins ide  diam- 
eter f o r  both programs. 

This value although less than t h a t  used i n  t h e  Minimum Weight 

I n  f i g u r e  18 t h e  specific-heat-  

The curve f o r  t h e  Parametric Program results i n  a 
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value of 
Program at near optimum conditions. 
mum a t  an in s ide  diameter of about 0.625 inch. 

Qrej/W e s s e n t i a l l y  t h e  same as t h a t  obtained f o r  t h e  Minimum Weight 
The curves f o r  both programs reach a maxi- 

I n  f igure  19, t h e  r a t i o  L/R, f o r  maximum Qrej/W i s  p lo t t ed  against  
tube in s ide  diameter f o r  t h e  Parametric Program. Also shown i s  a curve based 
on a constant value of N, = 1 f o r  t h e  Minimum Weight Program. A comparison 
of t h e  curves ind ica tes  t h a t  t h e  r a t i o  
Program increases  with increasing tube in s ide  diameter, whereas t h e  r a t i o  
decreases with increasing tube diameter f o r  t h e  Minimum Weight Program. 

L / h  obtained from t h e  Parametric 
L / G  

Comparison of t h e  r e s u l t a n t  r ad ia to r  geometries a l s o  ind ica tes  good agree- 
ment as shown by t h e  planform area, panel aspect r a t i o ,  and f i n  thickness 
curves presented i n  f igu res  20, 21, and 22, respect ively.  A t  s m a l l  diameters 
t h e  discrepancy i n  planform area between t h e  two programs increases  somewhat 
due, i n  par t ,  t o  t h e  simplifying assumptions required i n  t h e  Minimum Weight 
Program, such as constant €Ne and constant values of f i n  and tube thermal 
effectiveness.  The panel aspect r a t i o  f o r  t h e  four-panel r ad ia to r  used i n  
t h i s  analysis  showed p r a c t i c a l l y  no d i f fe rence  between t h e  two programs, as 
indicated i n  f i g u r e  21. The comparison of t h e  f i n  thickness  obtained f o r  t h e  
two programs shown i n  f i g u r e  22 ind ica tes  an increasing f i n  thickness with 
increasing tube in s ide  diameter f o r  both programs. Curves are given f o r  f i n  
thickness a t  m a x i m u m  Qrej/W f o r  t h e  Parametric Program and at  Nc = 1 f o r  
t h e  Minimum Weight Program. Smaller values of t obtained from t h e  Minimum 
Weight Program are approximately 1 2  percent less than those obtained by using 
t h e  Parametric Program. 

Comparison of t h e  results of t h e  Parametric and Minimum Weight Programs 
j u s t i f i e s  t h e  use of t h e  Minimum Weight Program f o r  general  r ad ia to r  weight 
optimization s tudies  because of i t s  r e l a t i v e  speed, s implici ty ,  and accuracy, 
providing it i s  not necessary t o  specify t h e  r a t i o  
Program i s  most usefu l  i n  designing r ad ia to r s  t h a t  must s a t i s f y  configuration 
l imi t a t ions  and radiator-vehicle  in tegra t ion  requirements. Since t h e  Para- 
metric Program requi res  a var ia t ion  i n  Nc and L/% t o  obtain t h e  
peak Qrej/W, and t h e  computer running t i m e  f o r  a s ing le  choice of N, and 
L/& i s  approximately t h a t  f o r  a complete optimum design by t h e  Minimum Weight 
Program, t h e  t o t a l  running time of t h e  Parametric Program will far exceed t h a t  
of t h e  M i n i m u m  Weight Program. 

L/R,. The Parametric 

CONCLUDING IBMARK3 

The inves t iga t ion  reported herein has considered t h e  design of d i r e c t  con- 
densing cen t r a l  finned-tube space r ad ia to r s  t h a t  m e e t  minimum weight and 
vehicle  i n t eg ra t ion  requirements. Two e lec t ronic  d i g i t a l  computer programs 
were developed, one of which is  based on a f ixed  conductance parameter, and 
t h e  other  on a var iab le  conductance parameter and a var iab le  f in-half- length 
t o  tube-outside-radius ra t io .  It has been shown tha t ,  for t h e  1 megawatt, 
high-temperature Rankine system chosen f o r  t h e  comparison, t h e  two programs 
agreed closely when compared on a weight and geometry basis.  The calculated 
results obtained subs tan t ia ted  t h e  f a c t  that t h e  value of t h e  product of t h e  



conductance pazameter and t h e  apparent emissivity f o r  m a x i m u m  hea t  re jec t ion  
per  u n i t  weight, as determined by t h e  Parametric Program, although d i f fe ren t  
from t h a t  used i n  t h e  Minimum Weight Program resu l ted  i n  rad ia tor  weights t h a t  
were essent ia l ly  t h e  same at  conditions of m a x i m u m  heat re jec t ion  per u n i t  
weight. 
and showed very close agreement. 

Radiator planform area and panel aspect r a t i o  w e r e  a lso  invest igated 

These conclusions j u s t i f y  t h e  use of t h e  Minimum Weight Program f o r  gen- 
eral rad ia tor  optimization s tudies ,  s ince it i s  r e l a t i v e l y  fast, and the  use 
of t h e  Parametric Program f o r  t h e  design of rad ia tors  t h a t  must s a t i s f y  con- 
f igura t ion  l imi ta t ions  and radiator-vehicle in tegra t ion  requirements. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, June 30, 1964 
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APPENDIX A 

ANALtYTICAL RELATIONS FOR TKERMODYNAMIC PROPERTIES OF WORKING FLTJIDS 

The enthalpy H and entropy S of t h e  working f l u i d s  on t h e  vapor and 
l i q u i d  portions of t h e  vapor dome, required f o r  t h e  program cycle calculations,  
were taken from reference 15. 
2 percent with t h e  values given i n  reference 1 7  over a range of temperatures 
between 140O0 and 2000' R. 
were expressed as polynomial functions of temperature f o r  four  d i f f e r e n t  work- 
ing f lu ids .  The m a x i m u m  e r r o r  between t h e  curve f i t s  and t h e  values of re fer -  
ence 15 w a s  l e s s  than 0 .2  percent f o r  any temperature between 700° and 2700' R. 
The polynomial representations a r e  as follows: 

The values for potassium vapor agreed within 

Both l i q u i d  and vapor enthalpies and entropies 

Potassium: 

HL = -10.916 + 0.22663 T - 3. 1879x10'5 T2 + 7. 6005><10-9 T3 

SL = 0.20136 + 5. 8031><10-4 T - 3. 1184>(10-7 T2 + 9. O98$Xl0-l1 T3 
- 1.0291x10'14 fi 

Hg = 961.89 + 0.21716 T - 6.9939><10e5 T2 - 1.1790X10-8 T3 

Sg = 4.5497 - 7.1959XJ-0-3 T + 6. 6733><10'6 T2 - 3.2936X10-9 T3 + 8. 2908X10'13 @ 
- 8.3530xl-0-17 @ 

Sodium : 

HL = -29.978 + 0.38999 T - 5.5568><10m5 T2 + 1. 1421x10'8 T3 

SL = 0.12431 + 1.2843><10'3 T - 9.3433><10-7 T2 + 4.1314><10-10 T3 - 9.6735XlO-14 T4 + 9.3008>(10-18 $ 

Hg = 1863.5 + 0.73505 T - 5.0819><10'4 T2 $. 1.5944>(10-7 T3 - 1.6987><10-11 T4 

Sg = 8.9462 - 1.4218>(10'2 T + 1.2793X10'5 T2 - 6.1917x10'9 T3 + 1.5385X10-12 T4 
- 1.5359X10-16 @ 

Bubidium: 

HL = 2.4884 + 0.0877 T 

SL = 0.11715 + 3 . 0 8 3 3 ~ l O ~ ~  T - 2 . 0 7 0 9 ~ 1 0 ' ~  T2 + 8.8713xlO-ll  T3 - 2. 0508>(10-14 T4 + 1. 947OXl0-l8 @ 

Hg = 396.74 + 0.12658 T - 6. 6081X10'5 T2 + 2.0043X10-8 T3 - 2.0383X10'12 T4 

Sg = l .9173 - 2.8787X10m3 T -f- 2.6242X10m6 T2 - 1.2748Xl.O" T3 + 3.1688x10'13 $ 
- 3 . 1 6 0 7 ~ l 0 - 1 ~  6 
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Cesium: 

HL = 1.4243 + 0.057200 T 

SL = 0.085532 + Z.1038~10-~ T - 1.4709x10-7 Tz + 6 . 5 2 3 4 ~ I - O ' ~ ~  T3 

Hg = 241.30 + 8.9768xlO-2 T - 5.3090x10'5 T2 + 1. 7747>(10'8 T3 - Z.0381x10'12 T4 

Sg = 1.1868 - 1. 73O5>(1Om3 T + 1. 5653x10'6 T2 - 7. 5471x10'10 T3 

s 

- 1.553lxlO-14 @ + 1.5117xlO-18 @ 

+ 1.8648XlO-13 T4 - 1.8517x10'17 @ 
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APPENDIX B 

COMPUTER PFUNTOUT SHEET 

Printout  sheets  from t h e  e l ec t ron ic  d i g i t a l  computer are included as a 
p a r t  of this appendix. 
mum Weight and Parametric Programs. 

The sheets  are t y p i c a l  of a s ing le  run with t h e  Mini- 
They show both t h e  inputs  and outputs. 

The first group of figures after t h e  run t i t l e  are t h e  inputs  f o r  t h e  
power cycle and t h e  se lec ted  pressure drops. 
inputs  follows: 

A b r i e f  explanation of these  

T1 

T2 

DTSC 

ETAT 

ETAG 

w 
DP/PVH 

DP/P* 

PE 

Kp 

VLH 

PANELS 

turb ine  in le t  temperature, OR 

r ad ia to r  temperature, OR 

amount t h a t  l i q u i d  i s  subcooled i n  r ad ia to r  

tu rb ine  e f f ic iency  

generator e f f ic iency  

heat l o s t  between b o i l e r  and turbine,  Btu/lb 

f r a c t i o n a l  pressure drop i n  vapor header 

f r a c t i o n a l  pressure drop i n  tubes 

e l e c t r i c a l  pover output avai lable ,  k w  

r a t i o  between ava i lab le  e l e c t r i c a l  power output and generator output 

m a x i m u m  ve loc i ty  i n  l i q u i d  header, f t / s e c  

arrangement of tubes with respect  t o  headers ( f ig .  2 )  

The second group of inputs  are some of t h e  parameters associated with t h e  
meteoroid protect ion equation: 

ALPHA 

BETA 

A LIL 

RHO P 

VBAR 
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number of p a r t i c l e s  with mass of 1 gram o r  g rea t e r  h i t t i n g  a rea  of 
1 square f o o t  per  day (ref .  18) 

negative of slope of cumulative frequency aga ins t  minimum mass when 
expressed on log-log p l o t  

spa l l ing  f a c t o r  

meteoroid density,  g/cc 

average meteoroid veloci ty ,  f t / s e c  



m 
FBAR 

KF 

KT 

RHOT 

RHOF 

RHOC 

E2 

N 

P(N) 

TAU 

DELCVH 

vapx heaaer to tu5e +,uminq 100s f a c t o r  (see f i g .  

occlusion f a c t o r  

thermal cm.ductivity of f i n ,  Btu/(f t )  (hr) (9) 

thermal conductivity of armor, B t u / ( f t )  (hr) ( O F )  

densi ty  of armor, lb/cu ft 

densi ty  of f i n ,  lb/cu f t  

densi ty  of l i n e r ,  lb/cu f t  

Young's modulus of armor m a t e r i a l ,  lb /sq f t  

number of N penetrat ions 

probabi l i ty  of N penetrat ions 

mission t i m e ,  days 

thickness  of l i n e r  i n  vapor header, f t  
d 

The last group of inputs  i s  concerned with t h e  propert ies  of t he  working 
f l u i d :  

MU L 

MU G 

RHOL l i q u i d  density,  lb/cu f t  

P2 

CP G 

CP L 

v iscos i ty  of l i q u i d  phase, l b / ( f t ) ( s e c )  

v i scos i ty  of vapor phase, l b / ( f t ) ( s e c )  

sa tura t ion  pressure corresponding to r ad ia to r  temperature, lb / sq  f t  

spec i f i c  heat  of vapor, Btu/(lb)(*) 

spec i f i c  heat of l iqu id ,  Btu/(lb)('F) 

The r e s u l t s  of t h e  power cycle calculat ions are independent of t h e  tube 
diameter. 

WBAR i d e a l  cycle work output (eq. ( 8 ) ) ,  Btu/lb 

QUAL2 qua l i ty  at  turb ine  exhaust (eq. ( 1 2 ) )  

&IN heat  supplied to cycle (eq. (2)) ,  Btu/hr 

They appear as t h e  f i rs t  p a r t  of t h e  output: 

ETHERM thermal e f f ic iency  (eq. (15)) 
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WDOT power cycle mass-flow rate (eq. ( 7 ) ) ,  lb/sec 

ETAC cycle e f f ic iency  (eq. ( 1 6 ) )  

T Z / T ~  turb ine  temperature r a t i o  

H heat  of condensation H2f*  - Hg, Btu/lb 

RHOG vapor density,  lb/cu f t  

Additional inputs  f o r  t h e  Parametric Program are 

FVH 

TST program convergence t e s t i n g  f a c t o r  

vapor header view f a c t o r  t o  space 

BJBA4 number of tube diameters 

FMES 

TST1 

TABETA 

FLR 

FNC conductance parameter, Nc 

mesh s i z e  f o r  solut ion of equation (19) 

convergence t e s t i n g  f a c t o r  f o r  equation (19) 

overa l l  e f f ic iency  t a b l e  or equation (25) branch 

r a t i o  of f i n  half- length t o  tube outer  radius,  L/Ro 

There follow four  s’ets of da ta  of four  l i n e s  each. The corresponding 
l i n e s  i n  each s e t  of da ta  a r e  f o r  rad ia tors  with tube in s ide  diameters i n  
inches as indicated by t h e  column D I  IN. The f i n  half- length L IN.  and thick-  
ness T SML IN. are given i n  inches, as are t h e  armor thickness DELTA IN. and 
t h e  l i n e r  thickness DELC I N .  The rad ia t ion  mul t ip l i e r  K i s  defined i n  t h e  
sec t ion  SYMBOLS. Other calculated r e s u l t s  i n  t h e  f i rs t  s e t  are: 

TEMP 0 surface temperature at  tube i n l e t ,  OR 

RHOG* vapor densi ty  at tube i n l e t  (eq. (98)), lb/cu f t  

N number of r ad ia to r  tubes (eq. (53)) 

DVH maximum diameter of vapor header (eq. ( 6 3 ) ) ,  f t  

The second s e t  of outputs consis ts  of:  

DLH diameter of l i q u i d  header (eq. ( 5 7 ) ) ,  f t  

WVH weight of vapor header (eq. (107)) ,  l b  

WLH weight of l i q u i d  header (eq. (108)), l b  

WR/PE 

Y length of vapcr header (eq. (52 ) ) ,  f t  

SDP/P* 

spec i f i c  weight of r ad ia to r  panel, lb/kw 

f r a c t i o n a l  pressure drop i n  tubes 
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DP/PLH 

Z 

TLV temperature of f l u i d  at in te r face ,  OR 

Z/D tube length t o  diameter r a t i o  

f r a c t i o n a l  pressure drop i n  l i q u i d  header 

tube length required f o r  condensing and subcooling (eq. (106)),  f t  

The t h i r d  l i n e  of outputs i s  iden t i f i ed  as: 

tube m a s s  flow rate (eq. (105)), l b / (  s q  f t )  (sec) 

s t a t i c  pressure at  tube inlet ,  lb/sq f t  

t o t a l  flow area of tubes, s q  f t  

vapor ve loc i ty  at  tube i n l e t ,  f t / s e c  

l i q u i d  veloci ty  at tube inlet ,  f t / s e c  

tube length required f o r  subcooling l i q u i d  (eq. (105)) 

l i q u i d  veloci ty  at in te r face ,  f t / s e c  

tube surface temperature a t  in te r face ,  OR 

vapor veloci ty  at  vapor header i n l e t ,  f t / s ec  

t o t a l  spec i f i c  r ad ia to r  weight, lb/kw 

The last set of outputs includes the  following: 

AP 

AR 

QwwR 

QVH/BpEJ 

QR 

A€JRIMl3 

QUAL* 

QVH SML 

T* 

W J / W  

planform area of panel (eq. (IU)), sq  f t  

panel aspect r a t i o ,  W~/Z 

panel specif ic-heat-reject ion r a t e ,  Btu/(hr) ( l b )  

panel heat-re  jec t ion  r a t e ,  Btu/hr 

f r a c t i o n  of hea t  rad ia ted  by vapor header 

prime area required t o  r e j e c t  panel heat load, Qr/EcJT$ 

qua l i ty  at  tube i n l e t  (eq. (54))  

vapor header hea t - re jec t ion  rate (eq. (56)) ,  Btu/lb 

s t a t i c  temperature a t  tube inlet, OR 

specif ic-heat-re  jec t ion  rate f o r  e n t i r e  rad ia tor ,  Btu/( h r )  ( l b )  

Xh 

The Parametric Program has two addi t iona l  outputs: 

WTR r ad ia to r  panel weight, l b  

WMT t o t a l  r ad ia to r  weight, l b  
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M I N I M U M  WEIGHT PROGRAM PRINTOUT 

EFFECT OF POWER LEVEL, T2, and P(0) ,  FOR POTASSIUM - BERYLLIUM 

T 1  = 0.246003 04 T2 = 0.170003 04 DTSC = 0.100003 03 ETAT = 0.750003 00 QP = 0. 
DP/PVH = 0.200003-01 PE = 0.100003 04 ETAG = 0.900003 00 KP = 0.900003 00 VLH = 0.400003 01 
PANELS = 0.400003 01 (DP/P*)T = 0.50000E-01 

ALPHA = 0.530003-10 BETA = 0.134003 01 A LIL = 0.175003 01 RH0 P = 0.440003-00 VBAR = 0.984003 05 

K H = 0.115003 01 FBAR = 0.100003 01 K F  = 0.515003 02 KT = 0.515003 02 RHOT = 0.115003 03 
RHOP = 0.115003 03 ET = 0.397003 10 N = 0. P(N)  = 0.995003 00 TAU = 0.500003 03 
RHOC = 0.530003 03 DELCVH = 1.000003-02 

MU L = 0.931003-04 MU G = 0.597003-05 RHOL = 0.425703 02 P2 = 0.851203 03 CP G = 0.126803-00 
CP L = 0.184203-00 R = 0.379703 02 

WBAR = 0.267253 03 QUAL2 = 0.83838E 00 & I N  = 0.948353 03 ETHERM = 0.28181E-00 WDOT = 0.583903 01 
ETAC = 0.211363-00 T2/T1 = 0.691063 00 H = 0.867303 03 RHOG = 0.131873-01 

D I  I N .  L I N .  T SiXL I N .  K DELTA I N .  TEMP 0 DELC! TN. RHOG* N DVH - - -. ~. 

0.3?5c03-00 0.182443 01 07702243-01 0.607343 01 0.495933-00 0.161853 04 0.175003-01 0.961573-02 0.464003 03 0.101683 01 
0.625003 00 0.192993 01 0.922993-01 0.408393 01 0.488213-00 0.164733 04 0.250003-01 0.108323-01 0.213003 03 0.880363 00 
0.875003 00 0.206293 01 0.107473-00 0.326893 01 0.487693-00 0.165773 04 0.350003-01 0.113313-01 0.123003 03 0.600763 00 
0.112503 01 0.219273 01 0.122583-00 0.281703 01 0.488903-00 0.166293 04 0,450003-01 0.115943-01 0.800003 02 0.745923 00 

DLH WVH WLH WR/PE Y ( SDP/Px ) T DP/PLH Z TLV Z/D 
0.104483-00 0.216023 04 0.668023 03 0.325683 01 0.975863 02 0.493233-01 0.502843-01 0.489283 01 0.162573 04 0.156573 03 
0.104483-00 0.934493 03 0.330183 03 0.383883 01 0.488803 02 0.495923-C1 0.219923-01 0.949953 01 0.165333 04 0.182393 03 
0.104463-00 0.541223 03 0.209313 03 0.445223 01 0.310143 02 0.50410E-01 0.13273E-01 0.146233 02 0.166253 04 0.200543 03 
0.104483-00 0.360333 03 0.149213 03 0.506523 01 0.220633 02 0.525253-01 0.922323-02 0.202413 02 0.166683 04 0.215903 03 

GEE P* FLOW A u ( 0 )  V ( 0 )  LSC V(L)  TOLV UVH W/PE 
0.164073 02 0.596303 03 0.355883-00 0.121733 04 0.144883 02 0.147753-00 0.385423-00 0.16110E 04 0.22861E 03 0.608503 01 
0.128673 02 0.683123 03 0.453803-00 0.931243 03 0.109233 02 0.268053-00 0.302953-00 0.163963 04 0.304933 03 0.510353 01 
0.113683 02 0.718743 03 0.513633 00 0.810063 03 0.946033 01 0.404643-00 0.267053-00 0.164983 04 0.368573 03 0.520273 01 
0.105743 02 0.737473 03 0.552233 00 0.747343 03 0.870273 01 0.555493 00 0.248383-00 0.165463 04 0.424763 03 0.557403 01 

AP AR W/WR &R QWWJ QUAL* QVH'SML T* &RE J/W APRIME 
0.954943 03 0.997253 01 0.412893 04 0.134473 08 0.144673-00 0.104433 04 0.713633 00 0.108203 03 0.163323 04 0.258363 04 
0.928673 03 0.257273 01 0.383853 04 0.147353 08 0.627443-01 0.114433 04 0.784253 00 0.469273 02 0.166093 04 0.308063 04 

0.893153 03 0.545003 00 0.302933 04 0.153443 08 0.239963-01 0.119173 04 0.817693 00 0.179473 02 0.167533 04 0.282013 04 
0.907003 03 0.106053 01 0.340333 04 0.151523 08 0.362113-01 0.117673 04 0.807153 00 0.270823 02 0.167053 04 0.302183 04 



PARAMETRIC PROGRAM PRINTOUT 

POTASSIUM - BERYLLIUM PE = 1000 

T 1  = 0.246003 04 T2 = 0.170003 04 
PE = 0.100003 04 

(DP/P+)T = 0.500003-01 
DP/PVH = 0.200003-01 
PANELS = 0.400003 01 

DTSC = 0.100003 03 
ETAG = 0.900003 00 

ETAT = 0.750003 00 w = 0 .  
KP = 0.900003 00 VLH = 0.400003 01 

ALPHA = 0.530003-10 BETA = 0.134003 01 

K H = 0.115003 01 FBAR = 0.100003 01 
RHOF = 0.115003 03 ET = 0.397003 10 
RHOC = 0.530003 03 DELCVH = 1.000003-02 

MLJ L = 0.931003-04 MLJ G = 0.597003-05 
CP L = 0.184203-00 R = 0.379703 02 

WBAR = 0.267253 03 QUAL2 = 0.838383 00 
ETAC = 0.211363-00 T2/T1 = 0.691063 00 

TABETA = 0.100003-01 FVH = 0.850003 00 
TSTl = 1.000003-04 

A LIL = 0.175003 01 

KF = 0,515003 02 
N = 0. 

RHO P = 0.440003-00 VBAR = 0.984003 05 

KT = 0.515003 02 RHOT = 0.115003 03 
TAU = 0.500003 03 P(N)  = 0.995003 00 

RHOL = 0.425703 02 P2 = 0.851203 03 CP 'G = 0.126803-00 

& I N  = 0.948353 03 
H = 0.867303 03 

TST = 0.500003-03 

ETHERM = 0.281813-00 WDOT = 0.583903 01 
RHOG = 0.131873-01 

BJBA4 = 0,400003 01 FMFS = 0.100003 03 
TABETA = 0.100003 01 

FLR = 0.200003 01 F N C  = 0.lOObOE 01 

DELTA I N .  TEMP 0 DELC I N .  RHOG* N DVH 
0.509293 00 0.163213 04 0.175003-01 0.102223-01 0.502003 03 0.998933 00 
0.501553 00 0.164543 04 0.200003-01 0.107983-01 0.323003 03 0.926013 00 
0.497483-00 0.165253 04 0.250003-01 0.111203-01 0.225003 03 0.873083 00 
0.494973-00 0.165713 04 0.300003-01 0.113333-01 0.166003 03 0.832373 00 

DLH WVH DP/PLH 2 TLV Z/D 
0.104483-00 0.197733 04 0.627833 03 0.33z76i 01 0,896433 02 6149582E-01 0.430783-01 0.493953 01 0.164013 04 0.158063 03 
0.104483-00 0.126763 04 0.430623 03 0.365273 01 0.623033 02 0.491003-01 0.281153-01 0.717653 01 0.165253 04 0.172243 03 

0.469683 02 0.493683-01 0.205083-01 0.956133 01 0.165873 04 0.183583 03 

wr ,H WR /Pi7 

0.104483-00 0.899343 03 
0.104483-00 0.681443 03 

0.322373 03 0.395283 01 
0.255253 03 0.424833 01 

FLOW A N o )  
0.385033-00 0.107683 04 
0.440423-00 0.940263 03 
0.479373-00 0.861843 03 
0.509283 00 0.808623 03 

0,373493 02 0.486153-01 

v ( 0 )  LS c 
0.130873 02 0.148023-00 
0.112543 02 0.206483-00 
0.102233 02 0.269663-00 
0.954303 01 0.335693-00 

0.159513-01 0.120373 02 0.166283 04 0.192603 03 

V ( L )  TOLV UVH W/PE 
0.356243-00 0.162443 04 0.236843 03 0.599303 01 
0.311443-00 0.163783 04 0.275613 03 0.535093 01 
0.286133-00 0.164483 04 0.310043 03 0.517453 01 
0.269333-00 0.164943 04 0.341103 03 0.51850E 01 

BIJAL* BVH ' SMT. Tpu QREJ/W 

GEE p* 
0.151653 02 0.639563 03 
0.132583 02 0.680723 03 
0.121813 02 0.703703 03 
0.114653 02 0.718873 03 

AP AR &R/W Q 3  QVH/QREJ APRIME 
0.885583 03 0.907423 01 0.403473 04 0.136693 08 0.130573-00 0.106153 04 
0.894223 03 0.434083 01 0.394203 04 0.143993 08 0.841213-01 0.111823 04 
0.898143 03 0.245613 01 0.373953 04 0.147823 08 0.597903-01 0.114803 04 
0.899163 03 0.155143 01 0.353293 04 0.150093 08 

-. _. - . - 
0.725783 00 0.976523 02 0.164783 04 0.26$333 04 
0.765843 00 0.629153 02 0.166023 04 0.293813 04 
0.786823 00 0.447183 02 0.166663 04 0.303833 04 

0.453293-01 0.116563 04 0.799293 00 0.339023 02 0.167063 04 0.303213 04 

WTR WTOT 
0.338783 04 0.599303 04 
0.365273 04 0.535093 04 
0.395283 04 0.517453 04 
0.424833 04 0.518503 04 

P 
CD 



EFFECT O F  SPACE SINK TEMPERATURE ON RADIATCIR PERFORMANCE 

To simplify the development of both the Parametric and the Minimum Weight 
Programs, it was assumed that the effect of the equivalent space sink tempera- 
ture on the heat-rejection characteristics of a space radiator can be ne- 
glected. In some cases, however, radiator design temperatures may be suf- 
ficiently low so that the effects of the environment sink temperakure may be 
of some consequence. It is of interest therefore to appreciate how sink tem- 
perature might affect the results of the basic programs. Environment sink 
temperature will influence the radiator design by (1) affecting the value of 
€Ne 
effectiveness 
ing the required area and weight for a given heat-rejection load. 

for maximum Qrej/W, (2) changing the magnitude of the finned-tube 
q;, and (3) reducing the net heat radiated and thereby increas- 

The inclusion of a sink temperature T s  into the development of the equa- 
tion that describes the value of 
tube weight in the Minimum Weight Program indicates that the value of  EN^ for 
minimum weight decreases as the value of the sink temperature ratio 8 ,  = Ts/To 
is increased. Figure 23 shows the calculated variation of €Ne with sink tem- 
perature ratio. 
minimum weight value from 0.90 to 0.84. Figure 13 indicates, however, 
that the conductance parameter can readily be varied over a range from 1.5 to 
0.5 with little effect on the value of Qrej/W. Thus, the variation in ENC 
due to sink temperature would have little overall effect on the radiator 
weight. 

€Ne that corresponds to minimum finned- 

A sink temperature ratio of 0.5 results in a reduction in the 

The finned-tube thermal effectiveness, which can be expressed as a func- 
tion of space sink temperature, is determined in a manner similar to the devel- 
opment of equation (25) and is given as 

where Qx,0 is also a function of 8 ,  and obtained from the solution of the 
differential equation describing the fin temperature profile: 

The results of calculations of equation (C1) shown in figure 24 indicate 
that only a small reduction in finned-tube thermal effectiveness occurs with 
increasing sink temperature ratio. For a sample case of Ne = 1 and 
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L/% = 10, chosen because of t h e  s e n s i t i v i t y  to changes i n  
duction i n  effectiveness of less than 2 percent when t h e  space s ink  temperature 
r a t i o  8 ,  is  increased from 0 to 0.6. 

O s ,  t h e r e  i s  a re- 

The e f f e c t  of space s ink  temperature on t h e  r ad ia to r  planform area i s  
given by t h e  following expression: 

&re j& 

2@(1 - &&t 
Ap = - 

It i s  seen t h a t  an increase i n  the s ink  temperature ratio w i l l  increase*the 
planform area  of t h e  r ad ia to r  by noting t h a t  t h e  f a c t o r  1 - €3: and vact 
both ge t  smaller as t h e  space s ink  temperature r a t i o  increases. 
case when 
increase 9 percent over t h e  a rea  determined a t  

For t h e  sample 
8 ,  = 0.5, Ne =: 1, and L/R, = 10, t h e  required planform area w i l l  

8, = 0. 

For high-power-level generation systems, t he  e f f e c t  of s ink  temperature 
i s  expected to be negligible,  s ince  high power l e v e l s  w i l l  r equi re  high radi-  
a t ing  temperatures to minimize r ad ia to r  s i z e  and weight. For a 1-megawatt 
system rad ia t ing  a t  1700' R and a space s ink temperature of 520' R, O s  
about 0.3. This r a t i o  would have l e s s  than a 1-percent e f f e c t  on finned-tube 
thermal effect iveness  and r ad ia to r  planform area  and weight. 

w i l l  be 
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APPENDIX D 

APPAl33NT EMISSMTY O F  AN ISO!THERMAL C E "  FINNED-TUBE CAVITY 

The development of t h e  equations describing t h e  finned-tube thermal ef- 
fect iveness  given i n  t h e  analysis  sec t ion  were based on the  assumption t h a t  
both t h e  f i n  and t h e  tube surfaces  acted as blackbodies to incident  and emitted 
radiat ion.  This assumption w a s  used t o  l i m i t  t h e  number of independent var i -  
ables and allow a s impl i f ied  so lu t ion  of t h e  d i f f e r e n t i a l  equation describing 
t h e  f i n  temperature prof i le .  

For proper treatment of t h e  e f f ec t  of surface emissivity l e s s  than uni ty  
on the  thermal effect iveness  of a finned-tube rad ia tor ,  a complete ana lys i s  
employing t h e  ne t  rad ia t ion  method (ref .  7)  involving absorp t iv i ty  and re-  
f l e c t i v i t y  would be required. 
ca lcu la t ion  to cover t h e  range of parameters of i n t e re s t .  I n  many instances 
t h e  r e s u l t s  of t h e  blackbody analysis  are simply mult ipl ied by t h e  surface 
hemispherical emissivity,  which resul ts  i n  a pessimist ic  determination of the  
finned-tube heat re ject ion.  To provide f o r  t h e  inclusion of t h e  e f f e c t  of real 
surfaces  with emissivities < 1.0 i n  a s implif ied although approximate manner, 
t h e  concept of t h e  apparent emissivtty of a n  isothermal cavi ty  formed by t h e  
f i n  and tube w a s  used. This procedure introduces an apparent emissivity f o r  
t h e  configuration, which does not exceed t h e  value t h a t  would be obtained by 
using t h e  exact formulation of  t h e  problem. 

This would prove to be a d i f f i c u l t  and lengthy 

The analysis  required to specify t h i s  apparent emissivity makes use of t h e  
Additional assumptions required enclosure theory and t h e  ne t  rad ia t ion  method. 

f o r  t h e  analysis  a r e  

(1) The d i r ec t iona l  d i s t r ibu t ion  of t h e  energy r e f l ec t ed  w i l l  be governed 
by Lambert's d i f fuse  energy concept, which states t h a t  t he  r e f l ec t ed  energy 
densi ty  i s  uniform i n  all direct ions.  

( 2 )  All emitted energy from a surface i s  a l so  d i f fuse ly  d i s t r ibu ted  over 
a l l  angular direct ions.  

(3) All surfaces  a c t  as gray-body emit ters ,  t h a t  is, r ad ia t e  w i t h  a 
spec t r a l  emissivity independent of wavelengths. 

(4)  The f i n  i s  assumed isothermal and a t  t h e  same temperature as t h e  
tubes. 

The f i n  and tube geometry used i n  t h e  analysis  i s  given by t h e  accompany- 

temperature as surfaces  1, 2, and 3. Energy leaving 
2(L + Rd-- -4 surface a does not a f f e c t  t h e  r a d i o s i t i e s  BlY BzY 

or B3 s ince  t h e  surface i s  t ransparent  t o  radiant  

constant. Energy incident  on imaginary surface a 

ing  sketch. The surface a is  an imaginary surface t h a t  will have t h e  same 

+------- a 2R energy. It i s  a l s o  assumed t h a t  €1 = €2 = €3 = 3 

___ i s  defined as 
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- 
where c i s  denoted as t h e  apparent emissivity and B i s  defined as t h e  
rad ios i ty  of a surface and f o r  surfaces  1, 2, and 3 i s  

It i s  obvious t h a t  B 1  = B2; thus,  t h e  r a d i o s i t i e s  are equal t o  

- (D3b) 

Subs t i tu te  equations ( D 3 a )  and (D3b) i n t o  equation ( D l )  and solve the  r e s u l t  
f o r  F: 

where t h e  view’factors a r e  defined by t h e  following expressions obtained from 
geometric considerations : 



Results of the numerical solutions of equations (D4) to (D9) are shown in fig- 
ure 7 where apparent emissivity of the finned-tube cavity is plotted against 
aspect ratio for three values of hemispherical emissivity. 

Once the apparent emissivity of the configuration has been obtained, the 
overall gray-body effectiveness can be calculated from the expression 
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APPENDIX E 

COMPUTER PROGRAMS 

Minimum Weight P r o g r a m  

SISFTC MAIN NOLIST,NOREFIDECK 
C 

DIMENSION H S L V ( ~ ~ ~ ) . B C D U M Y ( ~ ~ ) ~ A ( ~ ) * B ( ~ ) P C ( ~ )  r D ( 5 ) * € 1 5 ) r F ( 5 ) ,  
l D I I N ( 4 ) r F L N I N ( 4 ) , T S M A L I ( 4 ) , C A Y K P R ( 4 ) , D E L T A I ~ 4 ) ~ T E M P O ~ 4 ) ~  
Z D E L C I N ( 4 ) r R H O G S R ( 4 ) ( F " T ( 4 ) r D V H P R T ( 4 ) , D L H P R T ( 4 ) , W V H P R T ( 4 ) ,  
3 W L t i P R T ( 4 ) ~ Y P R I N T ( 4 ) , S D P O P s ( 4 ) , D P P L H P ( 4 ) ~ ~ I G Z P T ~ 4 ) ~ G E E P R T ~ 4 ) ~  
4 P S T O R ( 4 ) r F L O W A ( 4 ) r U Z E R O P ( 4 ) , V Z E R O P ( 4 )  r E L S C ( 4 ) , V L I Q P ( 4 l r T O L V o 1  
5UVHP(4),RADWP(4),ASTARP(4),ASPECT(4),QROWPP(4)*QRPRT(4)*QVHOQR(4), 
6 A P R I M ( 4 ) , Q U A L S ( 4 ) , S P Q V H ( 4 ) , T S T R ( 4 ) , Q R E J A W ( 4 ) , T L V P R T ( 4 ) , Z O D ( 4 ) ,  
7WPOPE(4),FMPRNT(4) 

C 
COMMON H S L V , A r A L I L , A L P H A , A P R I M E , A S T A R l e r E E T A I D I G Z , C * C A P N * C A Y H *  

lCAYK,CHI,CPG,CPLID,DELC,DELCLH,DELCLH,DELCVH,DELTA*DI,DIAT~DLA, 
ZDLH,DPOPLHrDPOPS,D?OPVHIDPSUM,DRLDX,DTSC?DVH~DXSUM,E, 
~ELSBC,EM~,ET,FIFHH,FLNIFMESHIFMUGIFMUG*FMUL,FPRIME,GAMTO~,KOL,NFINAL, 
4PANEL,PCHALL,PHI,PIE,PRES2,PSTAR,QALSTAR,QALSTR,QS*QUAL2,QVH,R*RADW, 
~RH~C,RHOF,RHOG,RHOGSIRHDLIRHOL~RHOP,RHOT,RLP~SIGE~TAU,THERKF~THERKT~TL~ 
~TLO,TOITSMALLITSTA,TSTAR,TUBEA,T~ .T~ ,UVH,UZERO,VBAR,VLH,VL IQ,  
7WDOT,WLH,WR,WVH,Y,ZN.KUOIVZERO 

C 
C MINIMUM WEIGHT PROGRAM. 
C 
C 
C THE MAIN PROGRAM READS AND WRITES ALL  OF THE 
C INPUTS AND OUTPUTS, AND DOES THE CYCLE ANALYSIS. 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

1 PIE=3.1415926 
SIGMA=1.713E-9 
EPSL=O .9 
SIGE=SIGMA*EPSL 
FMESH=30. 
TSTA=O.5000E-03 

THE FOLLOWING READ STATEMENTS RESPECTIVELY 

READ THE CONSTANTS FOR THE ENTHALPY AND 
ENTROPY CURVE FITS.  

A )  HL 
B )  SL 
C )  HV 
D )  SV 

READ THE CONSTANTS FOR THE RL AND PHI-G 
VERSUS CHI CURVE FITS.  

READ THE METEOROID PROTECTION CONSTANTS. 

READ THE T I T L E  O F  T H I S  RUN. 

READ THE THERMODYNAMIC CYCLE CONDITIONS 
AND SEVERAL INPUTS FOR THE RADIATOR DESIGN. 

2 READ ( 5 r 2 1 2 ) ( f H S L V (  I,J),I=1.6),J=1*4) 
READ ~ 5 ~ 2 0 2 ) ~ ~ A ~ 1 ) ~ B ~ 1 ~ ~ C ~ 1 ~ ~ D ~ 1 ~ ~ E ~ 1 ~ ~ F ~ 1 ~ ~ ~ 1 ~ 1 e 5 ~  
READ ( ~ , ~ ~ ~ ) A L P H A , B E T A I V S A R I A L I L , F P R I M E I R H O P  

READ ( ~ ~ ~ O ~ ) T ~ , T ~ ~ D T S C I E T A T I Q P I D P O P V H I P E , E T A C , C A Y P P P C H A L ~ , V L H ,  
3 READ ( ~ ~ ~ O ~ ) F L U I D I ( S C D U M Y ~ I ) ~ I ~ ~ ~ ~ ~ )  

1PANELgDPOPS 
T6=T1 
T2=T3 
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I I I  1 1 1 1 1 1  I I  

C 
C 

C 

C 
C 
C 
C 

WRITE ( 6 , 2 2 8 )  
WRITE ( 6 , 2 1 3 )  
WRITE (6,214) 
WRITE (6 r203)FLUID, (BCDUMY(I ) , I=1 ,12)  
WRITE ( 6 , 2 1 4 1  
WRITE (b r207)T l ,T2 ,DTSC,ETAT,QP,DPOPVH,PE,~TAG,CAYP,VLH,PANEL,  

WRITE ( 6 , 2 1 4 )  
WRITE ( 6 , 2 1 9 ) A L P H A , B E T A , A L I L I R H O P I V B A R  

H L 4 = H S F I T ( T 4 , 1 )  
H L 3 = H S F I T ( T ? r l )  
H L 6 = H S F I T ( T 6 r l )  
H V ' z H S F I T  ( T 1  r ? )  
S L 3 = H S F I T ( T 3 , 2 )  
S L 6 = H S F I T ( T 6 , 2 )  
S V 2 P p = H S F I T  ( T 2  94 1 
S V l = H S F I T ( T 1 , 4 )  
H V 2 P P = H S F I T ( T 2 r ? )  
FHH=HV2PP-HL3 
Q 6 3 z H L 6 - H L 3  
Q 3 4 z H L 7 - H L 4  
QIN=Q34+Q63+Tl*(SVl--SL6) 
WBAR=Q63+Tl+(SVl-SL6)-T3*(SVl-SL3)-QP 
QS =QIN-WBAR*ETAT 

l D P O P S  

T 2 0 T l = T 2 / T l  

ETHERM=WBAR/QIN 
ETAC=ETAT*ETHERM 

W D U T = O o 9 4 8 * P E / ( C A Y P * E T A G * W B A R * E T A T )  

Q U A L ~ = ( T ~ * ~ S V ~ - S L ~ ) + W B A R * ~ ~ O ~ E T A T ~ ~ / ~ T ~ * ~ S V Z P P ~ S L ~ ~ ~  

I F ( P C H A L 2 )  IS P O S I T I V E ,  THEN ALL. OF THE ENTROPIES AND E N T H A L P I E S  
FOR THE VARIOUS CYCLE P O I N T S  WILL BE P R I N T E D  OUT. 

READ THE A D D I T I O N A L  I N P U T S  REQUIRED FOR THE 

I F  PCHALL IS P O S I T I V E ,  A PRINT-OUT OF 
THE PRESSURE DROP A N A L Y S I S  WILL OCCUR FOR THE 

DESIGN OF THE RADIATOR, 

F I N A L  VALUE OF UZERO FOR EACH DIAMETER. 

5 READ ( 5 r 2 O l ) C A Y H  ,THERKFITHERKT,RHOTIRHOF,ET,F" ,TAUI 

READ (5r201)FMUL,FMUG,RHOL,PRES2,CPG,CPG~CPL~R,DISTRT~DELDI~READ 
1 S H O C ~ D E L C V H ~ P C H A L L  

C 
C 

N=FN 
RHOG=PRES2/ (R*T2)  
I F ( C A Y H ) 7 r 6 , 7  

6 CAYH=1.15 
7 WRITE (6r210)CAYH,FPRIME,THERKFITHERKTIRHOTIRHOT,RHOF,ET,FN,PN,TAU, 

lRHOC,DELCVH 
WRITE (6~211)FMUL,FMUG,RHOL,PRES2,CPGICPG~CPL~R 

8 WRITE ( 6 r 2 0 4 ) W B A R ~ Q U A L 2 ~ Q I N , E T H E R M , W D O T , E T A C , I 2 O T l ~ F H H ~ R H O G  
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C 
DI=DISTRT/12o0+3o*DELDI/l2oO 
DO 17 M = l r 4  
I =5-M 
IF(RHOC)14*14r9 

9 IF~DI-0~0208333)10~1Orll 
10 DELC=0000125 

GO TO 1 4  
11 I F ( D I - 0 ~ 0 4 1 6 6 6 ) 1 2 ~ 1 2 ~ 1 3  
12 D E L C = 0 ~ O C 1 2 5 + 0 ~ 0 2 * ~ D 1 - 0 ~ 0 2 0 8 3 3 3 )  

13 DELC=Oo04*DI 
14 CALL GUIDE1MrNrPN) 

GO TO 1 4  

IF(KOL115r15r124 
124 RADWP(I)=OoO 

QREJAW(1)zOoO 
QROWPP( I)=O00 
GO TO 16 

QREJzQS-QP 
15 DIIN(I)=12o*DI 

ASTAR=Y*BIGZ/EMZ 
A P R I M E ~ ( 3 6 0 0 ~ O * W D O T * Q S - Q V H ) / ( S I C E + T 2 * * 4 )  
FLNIN(I)=12o*FLN 
TSMALI(I)=l2o*TSMALL 
CAYKPR(I)=CAYK 

TEMPO(I)=TO 

RHqGSR(I)=RHOGS 
FNPRNT(I)=CAPN 
DVHPRT ( I )  =DVH 
DLHPRT ( I )  =DLH 

WLHPRT ( I )  =WLH 
WPOPE( I )=WR/PE 
YPRINTII)=Y 
SDPOPS(I)=DPSUM/PSTAR 
DPPLHP(I)=DPOPLH 
BIGZPT(I)=BIGZ 
TLVPRT ( I 1 =TL 
ZOD(Il=BIGZ/DI 
GEEPRT(I)=WDOT/(CAPN*TUBEA) 
PSTUR(I)=PSTAR 
FLOWA( I )=TUBEA*CAPN 
UZEROP(I)=UZERfl 
VZEROP(I)=VZERO 
ELSC(1 )=ELSBC 
VLIQP(I)=VLIQ 
TOLV( I )  =TLO 
UVHP(I)=UVH 
RADWP(I)=RADW/PF 
ASTARP(I)=ASTAR 

DELTAI(I)=12o*DELTA 

DELCIN(I)=lZo*DFLC 

WVHPRT4 I 1 =WVH 

I F ( P A N E L - 2 * 0 ) 1 2 1 * 1 2 1 , 1 2 2  
122 ASPECT(I)=Y/ZoO/BIGZ 

GO TO 123 
121 ASPECT(I)=Y/RIGZ 
123 QR=3600oO*WDOT*QS-QVH 

QROWPP(I)=OR/WR 
QRPRT(I)=QR 

APRIM(I)=APRIME 
QVHOQR(I)=QVH/(3600~O*WDOT*QREJ) 
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16 
17 

Q U A L S ( I ) = Q A L S T R  

T S T R ( I ) = T S T A R  
QREJAW(I)=QREJ*3600.O*WDOT/RADW 

CONTINUE 

SPQVH(I)=QVH/(3600oO*WDOT) 

D I = D I - D E L D I / 1 2 . 0  

WRITE ( 6 , 2 2 0 )  
WRITE ~ 6 , 2 2 1 ) ~ ~ D I I N ~ I ~ ~ F L N I N ~ I ) r T S M A L I ~ I ~ ~ C A Y K P R ~ I ~ ~ D E L T A I ~ I ~ ~  

1 T E M P O ( I ) , D E L C I N ( I ~ r R H O G S R ( I ~ ~ F N P ! ? N T ~ I ) ~  D V H P R T ( I ) ) r I = l r 4 )  
WRITE ( 6 , 2 2 2 )  
WRITE (6,22l)((DLHPRT(I),WVHPRT(I),WLHPRT(I),WPOPE(I),YPRINT(~), 

WRITE ( 6 , 2 2 4 )  
WRITE 16,221)1(GEEPRT(I),PSTOR(I)rFLOWA(I)~UZER~P~I)~VZEROP~I)~ 

WRITE ( 6 , 2 2 6 )  
WRITE ( 6 ~ 2 2 1 ) ( ( A S T A R P ( I ) , A S P E C T ~ I ~ ~ Q R O W P P ( I ) , Q R P R T ~ I ~ ~ Q V H O Q R ~ I ~ ~  

1 S D P O P S ~ I ~ ~ D P P L H P ~ I ~ ~ B I G Z P T ~ I ~ ~ T L V P R T ~ I ~ ~ Z O D ~ I ~ ~ ~ I ~ l ~ 4 ~  

l E L S C ( I ) ~ V L I Q P ( I ) , T O L V ~ I ) ~ U V H P ( I ) ~ R A D W P ( I ) ) ~ X ~ l ~ 4 )  

l A P R I M ( I ) t Q U A L S ( I ) ~ S P Q V H ( I ) ~ T S T R ( I ) ~ Q R E J A W ~ I ) ) , I = l ~ 4 )  
I F ( R E A D - 1 . 0 ) 3 , 2 * 2  

2 0 2  F O R M A T ( 5 E 1 2 r 8 )  
201 FORMAT( lOE8 .5 )  
2 0 3  F O R M A T ( 1 3 A 6 )  
2 0 4  F@RMAT(lHO,BX,6HWBAR = E 1 2 0 5 9 7 X 9 7 H Q U A L 2  =E12*5 ,9X ,5HQIN = E 1 2 * 5 * 6 X ~  

18HETHERM =E12o5,E?X,EHWDOT = E 1 2 0 5 / 1 H  9BXg6HETAC = E 1 2 * 5 , 7 X ~ 7 H T 2 / T l  = 
2E12*5 ,11X,3HH =E12.5,8X,6HRHOG = E 1 2 0 5 )  

2 0 5  FORMAT(?H0,3X,5HHL4 = E 1 2 0 5 9 3 X 9 5 H H L ?  =E12.5,3X,5HHL6 = E 1 2 0 5 9 3 X ,  
15HHV1 =E12.5,3X97HHV2PP =E12.5,5X,5HSL3 =E12 .5 /1H 9 3 X 9 5 H S L 6  = E 1 2 0 5  
291X,7HSV2PP = E 1 2 0 5 , 3 X t 5 H S V l  z E 1 2 . 5 )  

2 0 7  FORMAT ( l H O , l O X , 4 H T l  = E 1 2 0 5 r l O X , 4 H T 2  =E12.598X96HDTSC =E12*5,8X,  
16HETAT = E 1 2 0 5 , 1 0 X 1 4 t i Q P  = E 1 2 0 5 / 1 H  ,€X,EHDP/PVH = E 1 2 0 5 , 1 0 X 1 4 H P E  5 

2E12*5 ,8X ,€HETAG =E12*5 ,13X,4HKP = E 1 2 o 5 * 9 X , S H V L H  =E12 .5 /1H 9 6 x 9  
38HPANELS = E l Z o 5 t a X , l O H ( D P / P x ) T  = E 1 2 0 5 1  

2 1 0  FORMAT(lHO,BX,OH K H =E12.5,E?X16HFBAR = E 1 2 0 5 r l O X 9 4 H K F  = E 1 2 0 5 9  
11OX94HKT =E12.5reX,6HRHOT = E 1 2 o 5 / 1 H  ,8X,6HRHOF = E 1 2 . 5 r l O X 1 4 H E T  = 
2 E 1 2 0 5 r ? ? X , ? H N  = E 1 2 0 5 * R X , 6 H P ( N I  = E 1 2 0 5 9 9 X 9 5 H T A U  = E 1 2 . 5 / 1 H  9 8 x 9  
369RHOC =E120596X,eHDELCVH = E 1 2 o 5 )  

211 F'JRMAT (lHO,PX,CHMU L =E12*59BX,6HMU G =E1205,8X16HRHOL = E 1 2 0 5 9  
l l O X , 4 t i P 2  =E1205 ,8X96HCP G =E12 ,5 /1H ,8X96HCP L = € 1 2 o 5 * 1 1 X t 3 H R  = 
2 E 1 2 . 5 )  

2 1 2  FORMAT ( 6 E 1 2 . 8 )  
2 1 3  F O S M A T ( l H 1 )  
2 1 4  FO i tMAT(1H ) 

2 1 9  F O R M A T ( l H 0 , 7 X * 7 H A L P H A  =E12*5 ,6X,€HBETA = E 1 2 ~ 5 , 7 X , 7 H A  L I L  = E 1 2 0 5 9  
17X97HRHO P = E 1 2 0 5 1 S X 1 6 H V B A R  =E12 .5 )  

2 2 1  FORMAT(1H ,?OE17.5)  
2 2 0  FORMAT( lH0 ,4X ,EHDI  IN.,8X,5HL I N o 9 6 X 9 9 H T  SML I N o r B X , l H K , E X * 9 H D E L T A  

1 IN.,SX,6HTEMP O,tX,eHDELC I N ~ ~ ~ X I ~ H R H O G * ~ ~ O X , ~ H N ~ ~ ~ X ~ ~ H D V H )  
2 2 2  F O R M A T ~ l H O ~ ~ X ~ ~ H D L H ~ l O X ~ ~ H W V H ~ l O X ~ 3 H W L H ~ ~ X ~ ~ H W R / P E ~ l O X ~ l H Y ~ 7 X ~  

2 2 4  F O R K A T ( ~ H O I ~ X , ~ H G E E , : O X , ~ H P + , ~ X , ~ H F L O W  A , E X I ~ H U ( O ) ~ ? X , ~ H V ( O ) , ~ O X ~  

226 F O R M A T ~ l H O , ~ X ~ 2 H A P ~ 1 l X ~ 2 H ~ R ~ l O X ~ S H Q R / W R ~ 9 X ~ 2 H Q R ~ 8 X ~ B H Q V H / Q R E J ~ 6 X ~  

1 9 H ~ S D P / P * ~ T , 6 X , 6 H D P / P L H , 1 O X , 1 H Z , 1 1 X I 3 H T L V ~ l O X ~ 3 H Z / D ~  

13HL5C ,3X , l>HV( L I ,9X,4HTOLV,?OX ,3HUVH,OX ,GH W/PE) 

16HAPRIME,eX,SHQ~AL*,6X,7HQVH-SML,SXI2HT*,EX,6HQ~EJ/W~ 
22e F O R M A T ( l H L / l H L )  

FND 
B I B F T C  GUIDE NOLISTINOREF~DECKIDEBUG 
C 

C 
SUBPOUTINE GUIDF(M,N,PN) 

D IMENSION HSLV(6,4)r~(5),B(5)rC(5),Do,C(5)rF(5),~(5) 
COMMON H S L V , A , A L I L , A L P H A , A P R I M E , ~ S T A R * B , B E T A , ~ I ~ Z , C 9 C A P N , C A Y H ,  
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lCAYK,CHI,CPG,CPLID,DELC,DELCLH,DELCLH9DELCVH9~ELTA9DI,DIAT*DLA9 
~DLHIDPOPLH,DPOPS,DPOPVH,DPSUM,DRLDX,DTSC,DVH~DXSUM~E~ 
~ E L S B C I E M ~ , E T , F , F H H , F L N ~ ~ ~ ~ S H , F M U G , T M U L I ~ P R I M E ~ G A M T O ~ ~ K O L ~ N F I N A L ~  
~ P A N E L ~ P C H A L L , P H I I P I E ~ P R E S ~ ~ P S T A R , Q A L S T R ~ Q S ~ ~ U A L ~ ~ Q V H ~ R ~ R A D W ~  
~RHOC,RHOF,RHOG,RHOGS~RHOLIRHOP,RHOT,RLP~SIGE~TAU,THERKF~THERKT~TL~ 
6 T L O , T O 9 T S M A L L 9 T S T A 9 T S T A R ~ T U B E A 9 T 2 9 T 3 , U V H 9 U 2 E R 0 9 V B A R 9 V L H 9 V L 1 Q 9  
7WDOT 9WLH 9 WR 9 WVH," ,ZN ,K!IO ,'!ZERO 

C 
C T d I S  SUBROUTINE CONTROLS THE I T E R A T I O N S  ON QVH AND UZEROo 
C 

I F I M-1  ) 1 9 1 9 2 
1 TO=T2 

U Z E R 0 = 4 0 0 0 0  
DEI- T A= 0 0 2 
Q V H ~ 5 0 o O * W D O T * 3 6 0 O o 0  
FLN=Oo 10  
S V E L = S Q R T ( 3 2 o 1 4 * E T / R H O T )  
D E L T A 1 = 2 o * F P R I M E * A L I L  
D E L T A ~ = ( R H O P * ~ ~ ~ ~ ~ / R H O T ) * * O O ~  
DELTA3=(VBAR/SVELl**Oo66667 
DELTA4=(6.747E-5/RHOP)**0.3333 
C A L L  E N B A R S ( N I P N ~ E N B A R )  
D E L ~ A 5 = ( A L P H A * T A U / ~ E N B A R * ~ B E T A + l ~ ) ) ~ * ~ ~ l ~ / ~ 3 ~ * B € ~ A ~ ~  
D L A = D E L T A l * D E L T A 2 * D € L T A 3 * D E L T A 5  

2 UL=O.O 
UH=OoO 
MP=O 
CAPNS=O 
N F I  NAL=Oo 

3 KUO=O 
L=O 

4 KQVH=O 
5 KCAPN=O 
4 C A L L  SUEW 
7 Q A L S T R = Q U A L ~ - Q V H / ( F H H + W D O T * ~ ~ O O O O )  

I F  I QALSTR ) 2 5  9 2 5  9 4  

40 RHOGS=PSTAP/(R*TSTAR)  
8 CAPN=4.*WDOT*QALSTR/(PIE*RHOGS*UZERO+DI+DI)  
9 QVHSV=QVH 

C A L L  S U B H I L )  
QVHTST=O05*TSTA+(QVHSV+QVH)  
I F ( A B S ( Q V H S V - Q V H ) - Q V H T S T ) 1 2 , 1 2 r l l  

I F  I KQVH-25 ) 5 9 5 9 2 5  
11 KQVH=KQVH+l  

QVHSV=QVH 
1 2  I F ( N F I N A L ) 1 0 9 1 0 , 7 1  
10 C A L L  S U B K I M P )  

DELUOr 100 00 
IF I MP 142 942943 

UZERO=UZERO-DELUO*ZoO 
4 3  DELUO=DELUO/ZoO 

MP=O 
GO TO 22 

4 2  DPOPSl=DPSUM/PSTAR 
DPTST=Oo5*TSTA*(DPSUM+DPOPS*PSTAR) 
I F ( D P O P S ) 6 4 r 6 5 r C 4  

6 5  D P T S T = o 0 0 1  
6 4  I F ( A B S ( D P O P S * P S T A R - D P S U M ) - D P T S T ) 3 5 , 3 5 r 2 1  
3 5  I F I A B S ( C A P N S - C A P N ) - O o 5 ) 2 6 r 2 1  

1 3  IF(DPOPS*PSTAR-DPSUMIl4~14~17 
2 1  UZEROS=UZERO 
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14 UZEROH=UZERO 
DPSUMH=DPSUM 
I F ( U L ) 1 6 , 1 6 * 1 5  

1 5  UH=l.O 

1 6  

17 

1 8  

1 3  

70 

2 2  

41  
6 1  

25 

2 6  
C 
C 
C 
C 

30 

28 

2 7  
63 
2 9  

32  
31 

5 9  
37 

6 0  

7 1  
C 

C 

3 3  

GO T O  20 
UZERO=UZERO-DELUO 
UH=l.O 
GO TO 22 
UZEROL=UZERO 
DPSUMLnDPSUM 
IF(UH)19,19 ,18  
ULS1.0 
GO T O  20 
UZERO=UZERO+DELUO 
UL=l.O 
GO TO 22 
DELU =UZEROH-UZEROL 
DDELP=DPSUMH-DPSUML 
DDELPl=DPSUMH-DPOPSSPSTAR 
UZERO=UZEROH-DELU *DDELPl/DDELP 
KUO=KUO+l 
IF (UZERO-250000)41 ,4 l r25  
I F ( K U 0 - 3 0 ) 6 1 r 6 1 , 2 6  
CAPNS=CAPN 
GO TO 4 
KOL=1 
GO TO 3 4  
KOL=O 

THIS  SECTION ROUNDS OFF THE NUMBER OF TUBES T O  
AN INTEGER NUMBER. 

UZERON=UZERO 
CAPNNSrCAPN 
JCAPN=CAPN 
FCAPNlJCAPN 
I F ( A B S ( C A P N - F C A P N ) - O . 5 ) 2 7 r 2 7 , 2 8  
CAPNJFCAPN+l.O 
GO TO 63 
CAPN=FCAPN 
FCAPNS=CAPN 
UZERO=UZEROS-(CAPNS-FCAPNS)+(UZEROS-UZEROS-UZERON)/~CAP~S-CAPNNS) 
I F ( U Z E R 0 - 2 5 0 0 0 0 ) 3 1 ~ 3 1 ~ 3 2  
UZ E R O = 2  5CO 0 
NF I NAL= 1 
IF fUZERO-100.0)59*59,37  
UZER0~100 .0  
KUO=KUO+l 
UZEROS=UZ ERUN 
CAPNS=CAPNNS 
I F ( K U O - 5 0 ) 6 0 r 6 0 , 2 5  
UZERON=UZERO 
GO T O  6 
CAPNNSoCAPN 

DEBUG F C A P N S , U Z E R O S ~ C A P N S ~ U Z E R O N ~ C A P N N S * L J Z E R O ~ C A P N  

IF(ABS(CAPN-FCAPNS)-OoOOl)33~33~29 
L-1 
CAPN=FCAPNS 
C A L L  SUBK(MP) 
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C A L L  S U B H 1 L )  
34  RETURN 

END 
B I B F T C  SUBW NOLIST,NOREF,DECK 
C 

SUBROUTINE SUBW 
D I M E N S I O N  H S L V ( 6 , 4 ) , A ( 5 ) r B ( 5 ) , C ( 5 ) r D o , E ( 5 ) , E ( 5 l , F ( 5 )  

COMMON H S L V , A , A L I L , A L P H A , A P R I M ~ , A S T A R , B , B E T A , B I ~ Z , C , C A P N , C A Y H ,  
C 

lCAYK,CHI,CPG,CPL,D,DELC,DELCLHIDELCLH*DELCVH,DELTA,DI,DIAT,DLA, 
2DLH,3PUPLH,3POPS,3Pf lPVH*~PSUM,DRLDX*~TSC*~VH,~XSUM,E,  
3ELSBC,EM2,ET,F,FHH,FLN,FMESHIFMUG,FMUG,FMUL~FPRIME,~AMTO4~KOL~NFINAL~ 
4PANEL,PCHALL*PHI,PIF,PRES2,PSTAR,QALSTR,QS,QUALZ,QVH,R,RADW, 
5RHOCrRHOF,RHOG,RHOGS,RHOLtRHOPrRHOT,RLPrSIGErTAlJrTHERKF,THERKT~TLr 
6TLOrTO(TSMALL,TSTArTSTAR,TUBEA,T2,T3, IJVH,UZERO,VBAR,VLHrVLIQr 
7WDOT,WLH,WR,WVHtY,ZN,KUO,VZERO 

C 
C 
C T H I S  SUBROUTINE SOLVFS FOR T*,P*~TQIDELTAI AND 
C THE F I N  GEOMETRY. 
C 

XPTF=l.-QVH/(QS *WDOT*3600.0) 
C02GJH=1.0/(2.+32.2*778.+FHH) 
TSTAR=T2* ( 1 - C A Y H * U Z E R O * U Z E R O * C O 2 G J H  1 
PSTARA=2.+32*2*R*TSTPR 
PSTAR=PSTARA*PRFS2/ (PSTA9A+CAYH+UZERf l *UZFRr l )  
KTDL=O 

1 DIAT=DI+2 . * (DELC+DFLTA)  
GAMT04=SIGE*DIAT*O.5*ALflG(DIAT/~DI+2~*DFLC)) 
KTO=O 

CT041=GAMT04*T03*TO 

TOSAV=TO 

2 T03=T0**3 

C T f l 4 2 = - T H E R K T * ( T f l - T S T A R )  

T O = T O - ( C T 0 4 1 - C T f l 4 2 ) / ( 4 ~ * T f l 3 * G A M T f l 4 + T H E R K T l  
T O T S T = O . 5 * T S T A * ( T f l S A V + T O )  
I F I A B S ( T O S A V - T O ) - T O T S T ) 4 r 4 3  

I F ( K T 0 - 2 5 ) 2 ~ 2 * 4  
3 KT7=KTO+1 

4 KTL=O 
FT=0.85 
FF=O. R5 
ETAF=O. 5 5  

GAML3=8.*RHOF*SIGE*TO3/THERKT 
GAML2=9.43*RHOF*SIGE*FT*Tfl3*DIAT/(THERKT*FF*ETAF) 
GAM=O.~*PIE*~RHOC*DELC*~DI+DELC~+RHOT*DELTA*~DIAT-DELTA~~ 

CL2=GAM-GAMLZ*FLN**Z 

FVH=O FI 5 

5 CL3=GAML3*FLN**3 

FLNSV=FLN 
F L N = F L N - ( C L ~ - C L Z ) / ( F L N * ( ~ ~ * G A M L ~ * F L N + Z O * G A M L Z ) )  
FLNTST=Oe5*TSTA+(FLNSV+FLN)  
I F ( A B S ( F L N S V - F L N ) - F L N T S T ) 7 , 7 , 6  

I F ( K T L - 2 5 1 5 , 5 9 7  

AVC2=PIE*DIAT*FT+4o*ETAF*FF*FLN 

6 K T L = K T L + l  

7 A V C l = P I E * D I A T * X P T F * Q S  *3600.*WDOT 

AVC3=SIGE*Tf l3*TO 
AVCC3=SIGE*T2**4 
AV=AVCl/(AVC2*AVC3)+QVH/(FVH*AVCC3) 
D A V = ~ 1 . / A V C 3 ) * ~ Z o * A V C l / ~ A V C 2 * D I A T l ~ A V C l * Z ~ * P I E * F T / ~ A V C 2 * A V C 2 ~ ~  
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8 

9 

10 

DELTAS=DELTA 

D E L T A z D E L T A - (  DEL?hS-DLA*AV**C103B)  / ( 1 o+DLA*C103B*DAV*AV**(  C103B-1. 

DLTST=OO5*TST4’* (DELTAS+DELTA) 
I F ( A B S ( D E L T A S - D F L T A ) - D L T S T ) 9 , 9 r 8  
K T D L = K T D L + l  
I F ( K T D L 7 2 5 ) l r l , 9  

C 1 0 3 B = l o / ( 3 o * B E T A )  

1 ) )  

D I A T = D I + Z o * ( D E L C + D E L T A )  
QT=PIE*FT*DIAT*SIGE*TO3*TO 
QF=2.*ETAF*FLN*SIGE*TO3*TO*FF 
CAYK=(QT+2o*QF)/(SIGE*PIE*DI*TO3*TO) 
ZN=(3600oO*WDOT*QS - Q V H ) / ( Q T + 2 o * Q F )  
T S M A L L = ~ O * S I G E + F L N * F L N * T O * * ~ / ~ O ~ ~ * T H E R K F )  
RETURN 
END 

S I B F T C  SUBK NOLIST,NOREF,DECK 
C 

C 

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

SUBROUTINE S U B K f M P )  

D I M E N S I O N  

T H I S  SUBROUTINE DOES THE PRESSURE DROP A N A L Y S I S  

THE A N A L Y S I S  TAKES FMESH NUMBER OF SMALL 
FOR TWO-PHASE TURBULENT-TURBULENT FLOW. 

SECTIONS OF THE TUBE, WHERE DELTA-WL I S  THE 
SAME FOR EACH SECTI IJNo 
DELTA-X AND DELTA-P ARF THEN FOUND FOR EACH 
SECTION,  AND THE DELTA-P,S ARE ADDED TO F I N D  
THE TOTAL DELTA-P FOR THE TUBE. 

I F ( N F I N A L ) 3 r 3 , 1  
1 I F ( P C H A L L ) 3 , 3 , 2  
2 P R I N T = l o O  
3 QS1=CAYK*SIGE*PIE*DI~36OOo 

T O X ~ = S I G F * D I A T * A L O G ( D I A T / ( D I + ~ . * D ~ L C ) ) / ( ~ O O * T H € R K T )  
W=WDOT/CAPN 
FJH=778.*FHH 
G J = 7 7 8  * 3  2 2 
T U ’ 3 E A = P I E * D I * D T / 4 o O  
G D I 7 = 3 2 . 2 * D I + D I * D I  
WL=( lo -QALSTR)*W 
w G= w-w L 
DEL WL=WG/FMESH 
P =P 5 TAR 
T=TSTAR 
T X = T  
P x = P  
T n X = T n  
DISTX=O.O 
DPSUMzO 0 
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DXStfM=OoQ 
RHOGS=PSTAR/(TSTAR*R) 
C H I C l = ( R H O G S / R H O L ) * ( F Y U L / F M U G ) + + O . 2  
C H I = S Q R T (  ( W L / W G ) * * 1 . 8 + C H I C l )  
C A L L  RLAFEG(CHI ,PHI ,RLP,DRLDX,A ,B1C1D,E ,F )  
Vi !FRf l=WL/(RHOL*TUBEA*RLP) 
WLl=WL+DELWL/ZoO 
W G l  =W-WLl 
I F ( P R I N T I 5 9 5 9 4  

WRITE 
WRITE (6.100)  

5 MESH=FMESH 
DO 8 J z l r M E S H  

6 R H O G A = P / ( R * T )  

4 D I P R N T = l Z o * D I  
( 6  9 1 0 2  1 D I P R N T  

CHICl=(RHOGA/RHOL)+(FMUL/FMUG)**O.2 
C H I = S Q R T (  ( ( W L l / W G l ) * * l . R ) * C H I C l )  
C A L L  RLAFEG(CHI ,PHI ,RLP,DRLDX,A ,B ,C ,D ,E ,F )  
R G P = l o - R L P  
V = W L l / ( R L P * T U B E A * R H O L )  
U = W G l /  (RGP*TUBEA*RHflGA 1 
v z = v * v  
u 2 - u * u  
U2COFF=10-009*CHI*W*DRLDX/(RG!’*WLl) 
V Z C O E F = l o - O o 9 * C H I * W + D R L D X / 1 R L o + W C 1 )  
REGP=4.*WGl/(PIE*DI*FMUG) 
D P X F ~ - P H I * P H I * @ ~ 0 9 2 * F M U G * F M U G * R E G P * * l ~ 8 / ~ G D I 3 * R H O ~ A ~  
DPMDWl=Oo9*DRLDX*CHI*W 
DPMDW2=2.0-DPMDWI./(RGP*WLl) 
DPMDW3=2.-DPMDWl/(RLPSWGl 1 
DPMDW4=RHflGA*U2*RGP*DPPDb!2/(32.2*WGl) 
DPMDW5=RHOL*V2*RLP*DPYDW?/(32.2aWL1) 
DPMDWX=DPMDW4-DPMDW5 
DPC1=(CPL*WL1+CPG*WGl)*T/(FJH*RHOGA) 

Q S 2 = Q S l * T O X * * 4  
D X l = Q S 2 + D P C l * D P X F  

DX=DX2*DELWL/DXl  

T O X = T X / ( l o + T O X l * T O X + * 3 )  

D X ~ = F H H - V ~ * V ~ C O F F / C J + U ~ * U ~ C O € F / ~ J - D P ~ ~ ~ D P M ~ W X + ( ~ J ~ - V ~ ) / ( ~ O * ~ J )  

DP=-DPMDWX*DELWL-DPXF*@X 
DELT=-T*DP/ (FJH*RHOCA)  
I F ( P R I N T ) 7 , 7 , 9  

D I S T X = D I S T X + D X / 2 o  
WRITE ( 6 r l O l ) D I S T X ~ W L T 9 P 9 T I R H O C A I U , V , C H I , R L P , P H 1 9 D P X F  
D I S T X = D I S T X + D X / Z .  

I F ( P ) 1 0 ~ 1 0 , 1 1  
10 MP=1 

GO TO 1 2  
11 T=T+DELT 

TX= T 
P X = P  
WLl=WLl+DELWL 
WGl=W-WLl 

DXSUM=DXSUM+DX 
8 CONTINUE 

T L = T X  
TLO=TOX 
VLIQ=W/(TUBEA*RHOL)  

9 WLT=WLl*CAPN 

7 P=P-DP 

DPSUM~DPSUM+DP 
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. 
CONSTG=4.*W/(PIE*DI*DI) 
ELSBC1=300.*CPL*CONSTG/(CAYK*SIGE)*DI 

ELSBC=ELSBCl*ELSBC2 
BIGZ=DXSUM+ELSBC 

E L S B C ~ = ~ O / ( T L - D T S C ) + * ~ - ~ O / T L * * ~  

C 

C 
PRI  NT=O - 0  

MP=C 
1 2  RETURN 

1 0 0  FORMAT(1H ~ 3 X ~ 8 H P O S I T I O N ~ 6 X ~ 2 H W L ~ l l X ~ l H P ~ l l X ~ l H T ~ 9 X ~ 5 H R H O  G99X9 
1 1 H U ~ 1 1 X ~ 1 H V ~ 1 1 X ~ 1 H X ~ l l X ~ 2 H R L , 6 X , S H P H I  G*4X96HDPF/DX) 

1 0 1  FORMAT(1H r9E12.4,F8.5,E12.4) 
1 0 2  FORMAT(lHL,71HPRINT-OUT OF STEP-BY-STEP PRESSURE DROP CALCULATIONS 

1 FOR TUBE DIAMFTER=F5.3rSHINo) 
END 

B IBFTC SUBH NOLIST,NOREF,DECK 
C 

C 

C 
C 
C 
C 
C 
C 

C 

C 

C 

THIS  SUBROUTINE SETS THE VALUES OF M1,  M2r M 3 9  

FINDS THE HEADER SIZES,QVH, AND THE RADIATOP 
COMPONENT WEIGHTS. 

DEPENDING UPON THE NUMBER OF PANELS. I T  THEN 

I F ( L ) 1 , 1 , 6  
1 IF (PANEL-2 .0 )29394  
2 EMl=l .O 

EM2=10 0 
EM3=1 0 
GO TO 5 

3 EM1=2.0 

EM3=1.0 
GO TO 5 

E M 2 ~ 0 . 5  

4 EM1=1.0 
EY2=0.5 
EF(3=0. 5 

5 Y=2.0*EM2*CAPN*(FLN+O~5*DI+DELC+DELTA) 
DVHCl=0.00357+Y+FMUG++0.2 
DVHC2=(2.*WDOT*OUAL2*EMl)**l~8*FMl 
DVHC3=RHOG*~RES2*DPOPVH*PIE**l~8 
D V H = ( D V H C ~ * D V H C ~ / D V H C ~ ) * * ( ~ ~ / ~ O B )  
FVH=O.85 
QVH=2.0944*SIG€*FVH*Y*DVH*T2**4 
GO T!7 9 

6 DLH=(2.0*EM3+WDOT/(PIE*RHOL*VLH))**O~5 
RELHZ=(RHOL*DLH*VLH/FMUL)**Oo2 
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DPLH=O.O0051*RHOL*VLH*VLH*EMl*Y/(RELH2*DLH) 
DPOPLH=DPLH/(PSTAR-DPSUM) 
DELCLH=Oo04*DLH 
I F ( D E L C L H - O o O l ) 8 r 8 r 7  

7 DELCLH=OoOl  
8 WVHl=(DVH+DELCVH)* (Y  +DELCVH)*DFLCVH*RHOC 

W V H ~ = ( D V H + ~ O * D E L C V H + D E L T A ] * ( Y  +Z.*DFLCVH+DELTA)*RHOT*DELTA 
WV'+=O.666667*3.1415926*(WVHl+WVHZ) 
WLHl=RHOL+DLH*DLH/4oO+RHOC*DELCLH*(DLH+DELCLH) 
WLH2=RHOT*DELTA*(DLH+DELTA+2.+DFLCLH) 
WLH=Y*(WLHl+WLHZ)*PIE/EMZ 
WPl=RHOC*DELC*(DI+DELC) 
WPZ=RHOT*DELTA* (D I+Z~*DELC+DELTA)  
W P ~ = ~ . O * ~ O ~ ~ ~ E - O ~ * R H O F * ~ F L N * T O ) * * ~ / T H E R K F  
WR=CAPN*BIGZ*(WP3+PIE*(WP2)) 
RADW=WVH+WLH+WR 
UVH=EM1*2.*WDOT*QUAL2/(DVH*DVH*RHOG*PIE) 

9 RETURN 
END 

FUNCTION H S F I T ( T 9 J )  
S I B F T C  H S F I T  NOLIST,NOREF,DECK 

C 
C 

C 

C 
C T H I S  SUBROUTINE OR PROGRAM FUNCTION I S  THE ENTHALPY AND ENTROPY 
C CURVE F I T .  
C 
C 

D I M E N S I O N  H S L V ( 6 9 4 )  

COMMON HSLV 

X = H S L V ( l , J ) + T + ( H S L V ( 2 , J ) + T + ( H S L V o + T + ( H S L V ( 4 , J )  
l + T + ( H S L V ( 5 , J ) + T + ( H S L V ( 6 , J ) ) ) ) ) ) )  

HSF I T = X  

RETURN 
END 

C 

S I B F T C  RLAFEG NOLISTJNOREFIDECK,DEBUG 
C 

C 

C 
C T H I S  SUBROUTINE I S  THE CURVE F I T  SUBROUTINE FOR THE R L  
C AND P H I - G  CURVE F I T S .  
C 

SUBROUTINE R L A F E G ( C H I , P H I , R L P t D R L D X 1 A , B , C , D I E , F )  

D I M E N S I O N  H S L V ( 6 , 4 ) 9 A ( 5 ) , B ( 5 )  , C ( 5 ) , D ( 5 ) , E ( 5 ) 9 F ( 5 )  

I F f C H I - l O O . ) l ~ l r 2  

I F ( o O O l - C H I 1 3 . 3 , 5  
1 E L X = A L O G l O ( C H I )  

5 NA=O 
GO TO 6 

3 NA=4.+ELX 
GO TO 6 

2 C H I = 1 0 0 o 0  
GO TO 1 

6 I F ( N A ) 7 , 7 , 8  
7 P H I = l . O  

DFEGDX=O. 
GO TO 11 

8 P H I = E L X * ( E L X * A ( N A ) + B ( N A ) ) + C ( N A )  
P H I = l O o O * * P H I  
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C 
C R L  VERSUS C H I  CURVE F I T  FROM T H I S  P O I N T  ON. 
C 

11 I F ( N A ) 1 2 , 1 2 9 1 3  
12 R L P = l O * * * E L X  

D R L D X = l O * + * E L X / C H I  
GO TO 14 

RLP=10.  **RLP 
1 3  R L P = E L X * ( E L X * D ( N A ) + E ( N A ) ) + F ( N A )  

D R L D X = R L P * ( Z . * E L X * D f N A ) + E f N A )  ) / C H I  
74  RETURN 

END 
B I B F T C  ENBARS NOLIST,NOREF,DECK 

SUBROUTINF FNBARS fN,POFY,FNPAP) 
DIMENSTON PATCH (20) 

C D I M E N S I O N  PATCH (20) 
I F  ( N )  1 9 1 9 2  

1 ENBAR= - A L O G ( P f l F N )  

2 I F  ( N - 2 )  4 9 5 9 5  
4 DELP = 1.0- PRFN 

GO TO 7 

ENBAR= SQRT(  -2.0" A L O G ( P O F M ) )  
1 3  E M I N N  = EXPf -ENBAR)  

I F  ( D E L P  - 0 0 0 5 )  6 9 6 9 7  
7 EFOP = ( l o o +  ENBAR) * EMINN - POFN 

GO TO A 

FOP = ALFK 
6 ALFK = 0 5  * ENBAR ** 2 

CJM2 = 1. 
C J M l  = 2. 
DO 9 J = 3 9 1 6  
I F  I A B S ( A L F K / F O P )  - 1.E-10)  8 9 8 9 1  

1 0  C J  = J 
ALFK = -ALFK * C J M l  * FNBAR / C J  / CJM2 
FOP = FOP + A L F K  
CJM2 = C J M l  

9 C J M l  = C J  
€FOP = FOP - D F L P  

8 € F P R I P  = - FNBAR * F P I N N  
FOFP = E F O P / E F P R I M  
I F  ( A B S f F O F P / E N B A R )  - 5 . E  -5) 3 9 3 9 1 1  

11 ENBAR = ENBAR - FOFP 
G O  TO 1 3  

5 WRITE ( 6 9 1 2 )  
7 RETURN 

17 FORMAT ( 1 7 H K  N IS TOO LARGF ) 
END 

0010 
0020 
0 0 3 0  
0040 
0050 
0 0 6 0  
0070 
0080 
0090  
0100 
0110 
0 1 2 0  
0 1 3 0  
0140 
0 1 5 0  
0160 
0 170 
01r0 
0190 
0 2 0 0  
0210  
0 2 2 0  
0 2 3 0  
0 2 4 0  
0 2 5 0  
0 2 6 0  
0 2 7 0  
0280 
0 2 9 0  
0 3 0 0  
0 3 2 0  
0 3 1 0  
0 3 3 0  
0 3 5 0  

t 
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%DATA 
- .10916+2 .22663+0 -3 .18786-5  7 . 6 0 0 5 - 9  HL POT 
0 2 0 L 3 6 5 + 0  0 5 8 0 3 0 6 - 3  - 0 3 1 1 8 4 - 6  0 9 0 9 8 4 - 1 0  - .10291-23 SL POT 

9 6  1 8 9 3 + 3  . 2 1 7 1 6 + 0  - 0 6 9 9 3 9 - 4  0 1 1 7 9 0 4 - 7  HV P O T  
4.5497+0 - 7 0 1 9 5 9 - 3  6 . 6 7 3 3 - 6  -3 .2936-9  8 .2908-13 - 8 0 3 5 3 - 1 7 S V  POT 

3 0 4 4 0 3 6 0 6 - 0 2 2 . 3 9 2 0 3 0 5 - 0 1 4 o 4 8 0 0 3 7 4 - 0 1  - . 8 4 2 0 5 - 1  .51266+0 
~ 0 7 0 4 1 8 + 0 7 o 2 P 0 0 1 0 8 ~ 0 2 3 o ~ 8 4 ~ ~ 3 ~ ~ 0 1 5 o 7 2 8 0 0 2 1 ~ 0 1  - 0 8 4 2 0 5 - 1  

0 5 1 2 6 6 + 0  - ~ 7 0 4 1 8 + 0 1 ~ 3 6 8 0 0 0 9 - 0 1 4 ~ 9 2 8 0 0 0 9 ~ 0 1 6 ~ 2 3 2 0 0 0 0 ~ 0 1  
- .P4205-1 o 5 1 2 6 6 + 0  ~ ~ 7 0 4 1 8 + 0 1 ~ 2 9 9 9 9 8 8 ~ 0 1 4 ~ 8 1 0 0 0 1 1 ~ ~ 1  

6 . 3 1 9 9 9 9 8 - 0 1  - 0 8 4 2 0 5 - 1  .51266+0 - o 7 0 4 1 8 + 0 7 . 9 9 9 9 0 2 7 - 0 2  
5 6 2 C 0 3 0 6 - 0  1 6 0 0 9 9 7 7 5 -0 1 .51266+0 - .70418+0 - 8 4 2 0 5- 1 
5 3 0 0 0 - 1 0 1 3 4 0 0 + 0 1 9 8 4 C 0 + 0 5 1 7 5 0 0 + 0 1 1 0 0 0 0 + 0 1 4 4 0 0 0 + 0 0  

EXAMPLE RUN FOR THE KREBS, HALLER, AND AUER REPORT-POTASSIUM-BERYLLIUM 
2 4 6 0 0 + 0 4 1 7 0 0 0 + 0 4 1 0 0 0 0 + 0 3 7 5 0 0 0 +  020000-011 4 9 0 0 0 0 + 0 0 9 0 0 0 0 + 0 0  
4 0 0 0 0 + 0 1 4 0 @ 0 3 + C 1 0 5 0 0 0 + 0  
11503+0151500+0251500+0211500+0311500+0339700+100 0 9 9 5 0 0 + 0 0 5 0 0 0 0 + 0 3 5 3 0 0 0 + 0 3  
10000-01 
9 3 1 0 0 - 0 4 5 9 7 0 0 - 0 5 4 2 5 7 ~ + 0 2 8 5 1 2 0 + 0 3 1 2 6 8 0 + 0 0 1 8 4 2 0 + 0 0 3 7 9 7 0 + 0 2 ~ 7 5 0 0 + 0 0 2 5 0 0 0 + 0 ~ 1 ~ 0 0 0 + 0 1  
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Parametric Program 

B I R F T C  ETAA NOLIST,NnREF,DECK,DEBUG 

C 
C TO O B T A I N  ETA U S I N G  SUBS. I N T G R L  AND DEQ2 
C 

SI!ERO(JTINE E T A A (  ETA,FLR ,FLAM,THSO ,FMESH,'TST 1 

DEBUG ETA,FLRvFLAM,THSO,FMESHtTST 
D I M E N S I O N  F X ( 5 0 1 ) ~ T H ( 5 0 1 ) , F A X I 5 3 1 )  
POW=4.0 
YESH=FMESH 

MOSH=MESH+l 
C A L L  INTGRL(MESH,FAX,FLR)  

DO 2 0  J= l ,MOSH 
TH(  J ) = 1 . 0  

2 0  CONTINUE 
r -  b-FLAM 
THS04=THSO+*4 

MOSH=MESH+l 
THS041=1. -THS04 

DO 4 J= l ,MOSH 
FX(J)=FLAM*(-THS04-THSO4l*FAX(J)) 

4 CONTINUE 
MASH=MESH+l 
DEBUG 
C A L L  D E Q ~ ( T H , F X , C I P O ! ~ ~ M E S H , T S T )  
SLOPE=-(  1 .-TH( 2 ) 1 "FMESH 

( FX ( J  ) 9 J = l  ,MASH 1 

PASH=l\nESH 
THS04=THS0+*4 

THA4=THA**4  

F R L Z = F R L * F R L  

T H A = l . - ( l . - T H ( 2 ) ) / 4 . 0  

F R L = l e / F L R  

X = 1 . / ( 4 . * F P F S H )  
FAX1=1. -0 .5*S3RT(  ( F R L + X ) a * 2 - F R L 2 ) / ( F R L + X ) - 0 . 5 * S ~ ~ T ( ( F R L + Z . - X ) * * 2 -  

l F R L Z ) / ( F R L + Z . - X )  
F INTG=2. -THA4-THS04 

DO 3 J z 2 9 M A S H  
F I N T G A = @ . 5 * F I N T G % F A X l  

THA4=TH (J ) **4 
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1 4  

C 

C 

2 7  
C 

C 
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C 
3 c  

3 1  

2 
3 

C 

C 

3 2  
3 5  

C 

C 
3 6  
3 7  

4 0  
4 1  
4 5  

KTST=O 
M 0 S H=Y E SH - 1 
DO 3 5  J = l , M f l S H  
J J = ME S t i - J+ 1 

JO= JJ-1 
I F ( J - M E S H + 1 ) 3 1 , 2 , 2  
T H ( J J ) = ( - T H ( J J + l ) + t F ( J O ) + D ( J O )  ) / E ( J f l )  

T t i ( J J ) = ( T H ( J J + l ) " F ( J n ) - D O I / E ( J O ) ) / E ( J O )  

T H S V = T H (  JJ) 

G O  TO 3 

J = J  

DEBUG T H S V , J J , T H ( J J )  

I F ( A B S ( T H S V - T H ( J J )  ) - T S T ) 3 5 , 3 5 , 3 2  
X T S T = K T S T + l  
CONTINUE 

DEElJG KCNT ,KTST 

I F ( KTST 1 4 5  945  9 77 
YCNT=KCNT+l  
I F ( K C N T - Z 5 ) 1 4 , 1 4 , 4 C  
WR I T E 
FCJRKAT(1H ,22HTROUBLE SEE SUBR. D E Q 2 , 4 X , 5 H K C N T = I 3 , 4 X , 5 H K T S T = I 3 )  

( 6 9 4 1 ) KC N T 9 K T S T 

ri ET (JR i\! 
END 

B I BFTC INTGRL N O L I  ST ,NOREF Y DECK9DEBIJG 
SUaROUTINE INTGRL(M'SH,FAX,FLR) 
D I M E N S I O N  F A X ( 5 0 1 )  
FMESH=MESH 
D E L X = 1  ./FMESH 
F R L = l . / F L R  
P 0 S H= F ?  F S H + 1 
DEBL; FMESH,FJESH,DELX,THSO,THS04,THS041,FLR,FRL 
X=C.@ 
DO 1 J = l , M O S H  
F X A l = F P L + X  
F X A Z = F X A l * F X A l  
FXA=SQRT(FXA2-FRL"FRL)/FXAl 
FXBl=FRL+Z.C-X 
F X F ? 2 = F X R l * F X R l  
FXa=SQQT(FXB2-FRL"FRL)/FXEl 
F A X ( J ) = l . - o . 5 " ( F X A + F X 3 )  
X=X+DELX 

1 CONT I P?UE 
MASH = P F S ti+ 1 

RETURN 
E N D 

SUBROUTINE E E A A ( F L R 9 E A A )  
D I M ENS I ON EAR ( 5 

DEBUG ( F A X ( J ) , J = l , M A S H )  

B I B F T C  ECPA L I S T 9 R E F q D F C K  

EAR (1 ) = @ e 9 1 7  
E A R ( 2 ) = 0 . 9 0 8  
EAR ( 3 1 = O  9 0 5  
E A R ( 4 ) = 0 . 9 0 2  
E A R ( 5 ) = 0 . 9  
I F ( F L R - 2 . 0 ) 1 1 , 1 4 , 1 4  

11 FLRl=O.O 

001 
0 0 2  
0 0 4  
0 0 5  
006 
007 
008 
009 
010 
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D F L R = 2  - 0  
J = l  
G O  TO 3 0  

14 I F ( F L R - 4 . 0 ) 1 6 9 1 9 , 1 9  
1 6  F L R 1 = 2 . 0  

D F L R = 2  .O 
J = 2  
G O  TO 3 0  

2 2  FLR1=4.0  
DFLR=4.0 
J = 3  
GO T O  3 0  

1 9  I F ( F L R - 8 . 0 ) 2 2 , 2 5 , 2 5  

2 5  I F ( F L R - 1 6 . 0 ) 2 7 , 4 @ , 4 0  
2 7  FLRl=R.O 

D F L R = 8  0 
J = 4  

3 0  DEAA= ( F L R - F L R l ) / D F L R * ( E A R ( J ) - € A R ( J + l )  1 
E A A = E A R ( J ) - D E A A  
G O  TO 4 5  

4 0  EAAz0.9 
4 5  RETURN 

END 

SUBROUTINE TABLE ( E T A T O T , F L R * F N C , T A B L )  
c 
C 

C 
C 
C 

D Ib lENSI  O N  TABL ( 1 3  936 1 

6 FLSAVI I=FLR 
1 3  I F ( F N C ) 7 9 9 1 8 9 1 8  
18 I F ( F L R - 1 0 . ~ ) 2 ~ , 1 ~ C , 1 0 0  
2 0  I F ( F L R - 8 . 0 ) 3 1 C , 3 0 1 , 3 0 1  

3 1 0  I F ( F L R - 6 . 0 ) 2 1 ~ 1 C l ~ l ~ l  
2 1  I F ( F L R - 4 . 0 ) 2 2 , 1 0 2 , 1 0 2  
2 2  I F ( F L R - 3 . 0 ) 3 1 1 , 3 0 2 9 3 0 2  

3 1 1  I F ( F L R - 2 . 0 ) 2 3 , 1 0 3 9 1 0 3  
2 3  I F ( F L R - 1 . 5 ) 3 1 2 , 3 0 3 9 3 0 '  

3 1 2  I F ( F L R - 1 . 0 ) 7 1 ~ 1 0 4 ~ 1 0 4  
1 C 4  1 = 1  

DELL=O. 5 
F L R T = l  .C 
GO T O  6 C  

DELL=1.0  
FLRT=2.0  
GO T O  6 0  

D E L L = 2  .? 

1 0 3  I = 3  

1 0 2  I = 5  

0 1 1  
0 1 2  * 
0 1 3  
0 1 4  
0 1 5  
0 1 6  
0 1 7  
0 1 8  
0 1 9  
0 2 0  
0 2 1  
0 2 2  
0 2 3  
0 2 4  
0 2 5  
0 2 6  
0 2 7  
0 2 8  
0 2 9  
0 3 0  
0 3 1  
0 3 2  
0 3 3  
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FLRT=4.O 
D GO TO 6 0  

D E L L = 2 . 0  
FLR T=6.0 
GO T O  6 0  

‘LRT=1.5 

GO TO 6 0  

FLRT=3.0  
D E L L = l  .D 
GO TO 6 0  
I = 7  
FLRT=8  .O 
DELL=2.0  
GO TO 6 0  

1 0 1  I = 6  

393 I = 2  

DELL=O 5 

302 1 = 4  

lP0 I F ( F L R - 1 5 . ) 2 9 9 , 2 9 9 , 3 0 0  
30G I F ( F L R - 2 0 . 0 ) 9 9 , 9 9 , 3 0  

3 0  I F ( F L R - 3 C . O ) 9 8 , 9 U , 3 1  
3 1  I F ( F L R - 5 0 . 0 ) 9 7 , 9 7 , 3 2  

299 I = 5  
FLRT=10.0  
D E L L = 5 . 0  
GO T 3  6 0  

DELL=5.0 
F L F T = 1 5 . 0  
GO T O  6 0  

9 9  1 = 9  

? A  I = l C  
D E L L = 1 0  - 0  
F L R T = 2 0 .  0 
G O  T O  6 0  

9 7  I = l l  
D E L L = 2 0 . 0  
F L R T = 3 0  -0 
G O  T O  6 0  

3 2  I=12 
I F ( F L R - l O 5 C . 0 ) 4 0 , 4 1 , 4 1  

4 1  C L R = l C 5 0  
G O  T O  40 

F L R T = 5 0 . 0  
G f l  TO 6 0  

4 Q  D E L L = 1 0 0 0 . @  

6’2 I F ( F N C - 5 . 0 ) 6 7 , 7 0 ~ 2 0 0  
2CC I F ( F N C - 2 0 . C ) 2 C 9 , 2 1 1 , 2 0 6  
2 0 6  I F ( F L R - 5 0 . 0 ) 3 7 @ , 3 7 0 , 3 7 1  
3 7 1  ETA=m145 

GO TO 3 7 2  
37C E T A ~ ~ 8 6 5 6 7 7 8 5 + F L R ~ ~ ~ ~ 1 7 0 1 9 ~ 4 + F L R ; ( . 0 1 2 7 1 2 5 3 7 ~ F L R ~ ~ 0 0 0 1 9 1 9 4 7 ~ )  
3 7 2  WRITE ( 6 , 1 1 0 l F N C  
110 F O R M A T ( l H 0 , 4 2 H F N C  OUT OF RANGE-SEE SUBROUTINE TABLE-FMC=E12.5)  

G O  T @  7 1  
2 0 9  F J = 2 1 . + ( F N C - 5 . 0 )  

J = F  J 
F A J = J  
FRAC=FJ-FAJ 
K, = 2 
GO 1 3  6 1  

6 7  F J = F N C / 0 . 2 5 + 1 . 0  
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' J = F J  
F A J = J  
F R A C z F J - F A J  
K = 3  

C E L 2 = T A E L ( I , J + l ) - T A R L ( I + l ~ J + l )  
F R A C l = ( F L R - F L R T ) / D E L L  
E T A l = T A E L ( I , J ) - D E L l # F R A C l  
E T A 2 = T A B L ( I , J + l ) - D E L 2 * F R . A C l  
E T A = E T A l - E T A 2  
I F ( K - 1 ) 6 2 , 7 2 , 2 1 0  

6 1  DELl=TABL(I,JI-TABL(I+l,J) 

2 1 0  I F ( K - 2 ) 2 1 3 , 2 1 3 , 2 1 4  
6 2  ETATOTzETAl -FRAC*ETA 

SLPME=-4.0*ETA 
FLR=FLSAVE 
GO TO 7 1  

K= 1 
3 0  T O  6 1  

7 2  ETATOT=ETAZ 

7r) J = 2 C  

SLPVE=-4.  OicETA 
FLR=FLSAVE 
GO T O  7 1  

2 1 3  ETATOT=ETAl -FRAC*ETA 
S L P r.1 E =-ET A 
FLR=FLSAVE 
GO TO 7 1  

2 1 4  ETATOT=ETAZ 
SLPME=-ETA 
FLR=FLSAVE 
GO TO 7 1  

K=3  
GO T13 6 1  

2 1 1  J = 3 5  

7 9  ETA=l .O 
7 1  RETURN 

END 

$DATA 
1. c o o  

.77O 
- 7 2 6  

1.ooc 
. 6 9 0  
. 6 2 9  

1 0000 
. 6 3 2  
.56C 

1 . o o t  
0 5 5 8  
,470 

. 9 2 1  
7 6 6  

- 7 2 3  
. e 9 3  

6 8 4  
0 6 2 5  
0 8 7 4  
0 6 2 6  
0 5 5 5  
0 8 4 9  
0 5 5 0  
- 4 6 4  

. 880  
7 6 2  

e 7 2 0  
.838 
- 6 7 9  
- 6 2 1  
- 8  0 9  
e 6 1 9  

5 5 0  
0 7 7 1  
0 5 4 3  
0 4 5 8  

. 8 5 4  
0 7 5 5  
. 7 1 8  

e 6 7 5  
0 6 1 8  
0 7 6 7  
- 6 1 5  

5 4 6  
. 7 2 0  
0 5 3 7  
. 4 5 4  

. a 0 3  

0 8 3 4  . e 2 0  
- 7 5 6  e 7 5 4  
0 7 1 6  - 7 1 4  
0 7 7 7  - 7 5 8  
0 6 7 5  0 6 6 7  
- 6 1 5  - 6 1 3  
. 7 3 6  e 7 1 3  
. 6 1 0  e 6 0 5  
- 5 4 3  e 5 4 0  
- 6 8 4  - 6 5 6  
- 5 3 1  e 5 2 6  
0 4 4 9  - 4 4 6  

0 8 0 9  
e 7 5 1  
0 7 1 3  
0 7 4 2  
- 6 6 3  
m610 
- 6 9 5  
- 6 0 1  
0 5 3 7  
m634 
- 5 2 1  
0 4 4 3  

0800 
.749  
- 7 1 1  
0 7 3 0  
- 6 6 0  
0 6 0 8  
0 6 8 0  
.598 
.535  
- 6 1 6  
0 5 1 6  
0 4 3 9  

- 7 9 2  
0 7 4 7  
0 7 1 0  
0 7 1 9  
a 6 5 7  

6 0 7  
6 6 7  

. 5 9 4  
0 5 3 3  

6 0  1 
0 5 1 2  
0 4 3 7  

. 7 8 5  
7 4 0  

- 7 0 9  
0 7 1 0  
e 6 4 8  
- 6 0 5  
0 6 5 6  
. 5 8 3  

5 3 1  
. 5 8 8  
. 4 9 8  

4 3 4  

. 7 7 9  

. 7 3 4  
0 7 0 8  
- 7 0 2  
m640 
0 6 0 3  
- 6 4 7  
0 5 7 3  
- 5 2 9  
0 5 7 7  
0 4 8 7  
a 4 3 2  

0 7 7 ,  
0 7 3  
0 7 0  
0 6 9  
0 6 3  

6 0  
0 6 3  

5 6  
5 2  
5 6  

0 4 7  
.43 
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1.000 0833 -747 -692 m652 .621 e597 e577 -560 -546 
e513 e504 -497 -490 .483 -477 -472 -467 0462 e445 
e415 0408 .402 e397 -392 -388 a384 0380 -378 e375 

1.000 0816 e721 e659 e615 -581 e555 0533 -514 -498 
-462 0452 -443 -435 -428 e422 -416 .410 m405 e387 
e352 e5't4 e338 -332 0326 -321 -317 e313 .310 e307 

1.000 e806 0707 0642 .595 e560 e531 -508 -489 -472 
-433 0423 e414 e406 .398 e391 0384 e379 .373 -354 
-318 0309 -302 e295 -290 -285 -280 -276 ,272 e267 
1.000 a 8 0 0  e697 e631 -583 .546 e517 0493 -473 m455 
e415 e405 e395 e387 a379 e372 -365 -359 e353 e334 
e296 e287 e279 -273 .267 -261 -257 -252 e248 0245 

1.000 a792 -685 e615 -565 -527 e497 -472 a450 -432 
-391 e380 e370 e361 -353 e345 -338 e332 -326 e305 
,265 e256 e248 e241 e235 -229 e224 . 2 2 0  .216 -212 

1.000 -788 e678 a607 .556 e517 e486 .461 -439 -421 
-378 e367 -357 e348 .33Y -332 -324 e318 -312 e291 
e250 0240 -232 -225 e218 -213 .207 -203 e199 .195 
1.000 e783 -672 .600 e547 -508 e476 e450 e428 e409 
-365 -354 e344 -334 e326 -318 e 3 1 1  e304 e297 -276 
-234 0224 -216 - 2 0 8  e202 e196 e191 e186 -812 e177 

1.000 -780 -667 e593 -540 -500 .468 -441 -417 -399 
-355 -344 e333 0324 e315 -307 -299 e292 -286 e264 
e221 a 2 1 1  e203 e195 e189 e183 .177 a 1 7 2  - 1 6 8  -164 

1.000 -768 -648 e580 e526 -487 e457 e432 0410 -390 
e342 0 3 3 0  .318 e308 e300 e291 a283 -277 e272 e251 
e207 0196 -187 -180 -173 .167 e161 -156 .152 -147 

1091 6+2 .22663+0 -3.18786-5 7.6005-9 
.201365+0 0580306-3 -.31184-6 090984-10 -.10291-13 
.96 1893+3 .21716+0 -.69339-4 a1179C4-7 
4c5497+0 -7.1059-3 6.6733-6 -3.2936-9 8.2908-13 

3 ~ 4 4 0 ~ 5 ~ 6 ~ 0 2 7 ~ 2 8 C 0 1 C 8 ~ 0 2 1 ~ 3 6 8 0 ~ 0 9 ~ 0 1 1 . 2 9 9 9 9 8 ~ ~ 0 1 7 ~ 9 9 9 9 0 2 7 ~ 0 2  
2 e 3 9 2 0 ~ ~ ~ ~ 0 1 ~ ~ 7 8 4 0 0 3 2 ~ 0 1 4 ~ 9 2 ~ ~ ~ 0 9 ~ 0 1 4 ~ 8 ~ 0 G 0 1 1 ~ ~ 1 5 ~ 6 2 ~ ~ 3 0 6 ~ ~ 1  
4 ~ 4 8 0 0 3 7 4 ~ 0 1 5 ~ 7 2 8 0 0 2 1 - 0 1 6 . 2 9 2 0 0 0 0 ~ 0 1 6 ~ 3 1 9 9 9 9 ~ ~ 0 1 6 ~ 0 0 9 9 7 7 5 ~ 0 1  

+.192-1 + m  642-1 +.1930+0 +. 1070+0 +.771-1 
+. 1152+0 +.2952+0 + 5 528 +O +e5528+0 +.6126+0 
t .2328+0 +.4128+0 +.5416+0 + e  5416+O +.5117+0 
303 16-2 6 4  527-1 .24029+0 
2 1347-1 .26581+0 .561?51+0 

.5 17 5 8 - 1  .2 947 1 + O  -4 1664+0 .20?00+2 .2C000+2 
d.84205-1 -.84205-1 -.84205-1 -.84205-1 -.e4205-1 
.51266+0 -5 1266+0 5 1266+0 5 1266+0 5 1266+0 

-.70418+1) -.7041R+O -.70418+0 -.70418+0 -.70418+0 
1337~5+0~906818182-1-.22727273-5.118333333+0.443181813-4- 

-.69444445-4 .183072?8-7 -.315h-ll 
1 P P T A S S I U b . J  - CflLU>~'BIL!M PE = 500 
53 -10 174 +1 9P4 +5 175 +1 1 +1 44 + 
246 +4 17 +4 1 +3 75 2 -1 5 + 3  9 
4 +1 4 +1-5 -1 
115 +1 2 4  +2 24 +2  5 3  +3 53 + 3 2 0 2  +10 995 
1 -1 G + 
931 -4 597 -5 4257 - 2  8512 +3 1268 + 1842 + 3797 +2 375 
0 + 8 5  + 5  -3 2 +1 1 i 3  1 -3 1 +1 

1 18 + 1  
1 75 + 

-534 052 
e434 e42 
0372 *37 
0484 e 4 7  
~ 3 7 3  036 
0304 e 3 0  
0457 e 4 4  
-340 e32 
0266 026 
-440 -42 
e319 e30 
-242 -23 
0417 040 
-289 e27 
.20R 020 
.405 .39 
-274 -26 
.191 e 1 8  
0393 .37 
0259 e24 
0174 .17 
0383 e36 
.247 .23 
-160 -15 
.373 .35 
.231 .21 
.143 e14 

HL PO 
S L  PO 
HV PO 

-8.353-1 SV PO 

.18939394- 

+ 9  + 
+ 5  + 53 + 

+ 25 + 
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C 
C 
C 

5 )  RFAD THE THERMODYNAMIC CYCLF C O N D I T I O N S  
AND SEVFRAL I N D I I T S  F’IR THF RADIATr lR  PFSIGN. 

c 
c 

LdP I T F 

WR I T F 
1.4 R I T E 
WR I TE 
k! R I T F 
WR I T € 

1 0 ~ 0 ~ s  

WR I T F  
Ir!P I T F  

c 
c 
c 
r 

i F ( pCHAL2  5 , 5  9 4 
4 \I.!RiTE ( 6 , 2 9 5  ) l ! L 4 , ’ i L 3  , ? L 5  , t lV1  ~ H V ~ ? P Y S L ~ , S L ~ ~ S V Z P D  ,SV1 

r 
C 
c RF~..:) T ~ F  AL!PITIOKAL INDUTS R:  ~ ? I I I P F ~  ::nR T K F  
r i ~ F ~ ~ r , L J  n C -  TINc Rt, l \ IATflR. 
C I F  PCHALL I S  P O S I T I V E ,  A PRINT-OUT OF 
c THE PRFSSURE DROP A N A L Y S I S  W I L L  OCCUR FflR THE 
C F I N A L  VALUE OF U Z E R l l  FDQ EACH DIAMETEP. 
C 

0640 
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c 
5 READ (5,7Cl)CAYH THFRKF THEPKT ,RHflT t RHOF 9 ET 9 F N  9 PN ,TAIJ 9 

PEAD ( 5 , 2 n l ) F ~ ~ U i , F M U ~ , R H f l L , P R E S 2 , C P G 1 C P L I R , D I S T R T , D ~ L D I ~ R F A ~  
lRHOCtQ'LCVH,PCHALL 

c 
C 

N=FN 
RHOG=PRESZ/(R*TZ 1 
I F ( C P Y Y ) 7 , 6 , 7  

6 CAYY=1.15 
7 WRITE (6 r210)CAYl - i rFPRIM~9T; iFRKF,THERI<T ,RHTIT ,RHI I IF ,FT ,FNtP I? I tTAU,  

1 R H O C  9DELCVH 
M R i T E  ( O r 2 1 1 ) F M U L t F M U ~ , R H f l L , P R E S 2 , C P G , C P L , R  

8 WRITE ( 6  92'24 WBAR ,QUAL2 , Q I N t  ETHERM,WDOTtETAC , T 2 0 T 1  ,FHH,RHflG 
c 

RFAD ( 5 2 0 1  ) TI ITAS ,FVY ,TST 9BJEA4 ,FMFS t T ' 5 T l  9 TARETA 
R E A D ( 5 9 2 3 4 )  JRD, ( i L R D ( J ) ¶ J = l , J R D )  
R 'AD ( E. 9 2 7 4 ) J Pi C 9 ( F NCjD ( J ) 9 J= 1 9 J N  D 
BJND= JND < 
@JRD= JRD 
WRITE ( 6 , 2 3 6 )  THTAS*FVH,TST,BJBA4,FMES tTSTl ,DJRD,BJND,TABETA 
W R I T E ( 6 9 2 3 8 )  
J B A 4 =  B J R A 4  
D I = D I S T R T / 1 2 . 0 + ( B J B A 4 - 1 . n ) Q D E L D I / 1 2 . 0  

c 
C 

DO 5 0  J J N = 1  t JND 
FNC= F N C D ( J J N )  

c 
DO 40 J J R = l , J R D  

I F  ( T A B E T A )  4 2 9 4 2 9 4 1  
F L R =  F L R D ( J J R )  

4 2  C A L L  E T A A ( E T A T f l T , F L R , F N C , T H T A S 1 F M E S  q T S T 1 )  

41  C A L L  TABLE (ETATOTtFLR,FNC,TABL)  
4 3  C A L L  F F A A ( F L R , F A A )  

GO T n  4 3  

FTAAS=FAA*FTATnT 
C 
c 

DO 17  M z l t J R A 4  
I =  JBA4+1-M 
I F ( R H f l C ) 1 4 , 1 4 , 9  

9 I F ( D I - 0 . 0 2 ~ R 3 3 3 ) 1 0 , 1 0 ~ 1 1  
I C  D E L C = 0 * 0 0 1 2 5  

GI7 Tr( 14 
11 I F ( D I - O ~ 0 4 1 6 6 6 ) 1 2 ~ 1 2 r 1 3  
1 2  D E L C = 0 ~ 0 0 1 2 5 + 0 . 0 2 * ( D I - 0 . 0 2 0 8 3 3 3 3 )  

G O  TCI 14 
1 3  DELC=0.04*DI  
1 4  C A L L  GIJIDF(hn,M9PNI 

I F ( K Q L ) 1 5 t 1 5 , 1 7 4  
1 2 4  RADWP(T)=O.O 

GO TO 16 

QREJ=OS-OP 
PSTAR=Y*RIGZ/€M2 
A P R I M F = ( 3 6 @ 0 . 0 * W D f l T + Q S - Q V H ) / ( ~ I ~ ~ ~ T 2 ~ * 4 )  
F L l r l I N (  1 ) = l ? . * F L N  
T S M P L I (  I )=12 . *TSMALL 
C A Y Y P R ( I ) = C A Y K  

m n w p  ( I ) =n. CI 

1 5  D I I N ( I ) = l Z . * D I  

135 r )  
136n 
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r c 
CCb1MON HSLV,A,AL I L,AL?HA,AP!?I ME ,ASTAR 9 8  ,BETA B I G 2  ,C ,CAPN ,CAYH 9 

1 C A Y K , C H I , C P ~ r C P L , D , D E L C L H , D E L C L H , D ~ L C ~ ’ H , P E L T A , D I , D I A T , D L A ,  
2DLH,DPOPLH,DPOPS,DPOPVH,DPSlJM,DRLDX,DT~C,DVH,DX5lJM,~, 
3 E L  S B C 
4 D A N E L , P C H A L L , P H I , P I E , P R E S 2 1 P S T A 4 , 0 d L S T R , ~ ~ , ~ I J A L 2 , ~ V H , ~ , P A D ~ ~ ~  

EM 2 ET F F H il F L N F M ES H 9 FM U G  F N  U L 9 F D R I P4 E GAi.! T 0 4 K C; L 9 14 F I N A L 9 

5RHf lC: ,RHOFrRHOG,RHOC.S,RHCLrRHLlP,PHOT,DL” ,S I r -E ,TAI l ,THE~KF,THERKT,TL,  
6 T L O , T O , T 5 M A L L , T 5 T A t T S T A R r T U E ! E A , T 2 , T 3 , I ! V H , 1 1 7 E R O , V E ; A F ! , V L H , V L I O ,  
7WDO T WLH W Q  WVH Y 9 7 N 9 KI IO 9 VZ FR 0 9 

8 EPSL,ETAAS,FLR,FNC,FVH, 5 I GiYA 9 T H T AS 9 T S T IIIBAP 
C 
c 
C T H I S  SUElROUTINE SOLVFS Fnl? T ” , ” + ~ T ~ , D F L T A I  AND 
C THE F I N  GECMTTRY. 
c: 

C02~JH=1 .0 / (2 . *32 .2 *77R. *FHH)  
T S T P R = T 2 r ( l . - C A Y H X U Z E R O “ U Z E R O x C n 2 G J H )  
PSTPRA=2.*32.2*P*TSTP9 
?STAR=PSTARA*PRF52/ ( P S T A F ! A + C A Y H * U Z E R f l - ~ U Z F R f l )  
DELFA = DFLC 

c 

C CnNSTAr\!T CALC 
THTA.52 = THTASxTHTAS 
THTPS4 = THTASZ*THTASZ 
THTPSE, = 1.n-THTAS4 
B E T A 3  = l . P / ( 3 . 0 * B E T A )  
F T 1  = DI+Z.O+DTLBA 
F T 2  = P.5zSIGMAaFPSL * ( T H T A 5 5 )  
X\/H= O\/H/ ( 0 5 * 1 6 0 0 . * ! ~ ‘ D q T  
X T F  = 1.0-XVY 
A T f l T l =  O S * ? ~ ~ C . * \ d @ ~ T /  ( c I G ” P * T Y T A ~ 5 )  

18 A T 0 T 2  = P I F * X T F / ( Z . O + F T A A S * ( l . P + ~ L R )  
ATOT3 = X V F / ( F V H * F P ? L )  
A T f l T 4  = A T f l T l * ( A T O T 2 + A T 3 T 3 )  

c 
C B E G I N  T,DELTA CALC. 

KCT=O 
T -  TSTAR 
TSTARZ= TSTAR*TSTAR 

22 D F L T A = ( A T O T 4 / ( T S T A R Z * T ~ T A 9 Z ) ) ~ * P E T A ~ ~ ~ L ~  
43  F T 6  = FTl+Z.n+PFLTA 

F T 7 =  A L O G ( F T h / F T l )  
FTR = F T Z * F T h * F T 7  

4 5  TClJ = T*T*T 
T a 4  = TCII*T 

0 4 9 0  
C 5 0 0  
0 5 2 0  
0 5 3 0  
0 5 4 0  
0 5 5 0  
0 6 5 0  

06Pn 

0 7 0 0  

0720  
0 7 1 P  
0740 
0 7 5 0  

0 7 9 0  
0r00 
0 8 1 0  
G820 
0 8 3 0  
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5 2  

5 P  

47 
C 
C 

60  

62 

6 6  
rI 
C 

7n 

71 

4 8  
an 

F T =  T44QFTA + THERKT+(T-TSTAR)  
F T D  = 4.n+TCU+FT8 + THLQYT 
T 5 V  = T 

DTST= n e  5% ( T + T q V  ) Q T S T  

YCT = K C T + l  

T = T -FT /FTD 

I F  ( A B S ( T - T S V ) - A R S ( D T S T ) )  6 0 9 6 0 9 5  

I F  ( Y C T - 5 P )  6 5 9 4 5 9 4 7  
1dR I T E  ( 6 3 4 R  ) KCT 

END T CALC. 
TCI!=T+TQT 
T 4 4  = T* T CIJ 
ATOT = A T O T 4 / T 4 4  
DFLTPS = P F L T A  
DELTA = ATPTQ*RFTA3*DLP 
D E P l l C  n F L T A 9  T 9 F T  9XVP 
D T S T  = n.5*( ~ F L T A + ~ F L T ~ S ) + + T S T  
I F  ( A ~ S ( ~ F L T A - ~ F L T A S ) - P B ~ ( P T S T ) ) ~ ~ ~ ~ ~ Y ~ ~  
KCT = KCT+1 
I F  ( K C T - 5 0 )  4 3 9 4 3 9 6 6  
!.!RITF ( 6 9 4 P ) K C T  

0 8 6 0  
0r70 
0 8 8 0  
0890 
0900 

0 9 2 0  
0 9 3 0  
0940 

0 9 6 0  
0 9 7 0  
0 9 8 0  

0910 

0 9 5 0  

1000 
1010  
1020  
1 0 3 0  
1040 
105P 
1n60 

1 0 9 0  

1110 
1 1 2 0  

1 2 8 0  
1 2 9 0  
1 3 0 0  
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c 
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r 

c 
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t' 

c 

1 

2 

3 

4 

h 

7 

4 n  
8 
0 

E 

a5 



C 
C 
C 
C 

qr 

2 8  

2 7  
6 1  

T H I S  SECTION ROl l l \ ! fDS QFF THF NU', 'SET! OF TUFFS T r l  
A N  INTEGER NU'4EER. 
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RETURN 
END 

SUBROUTINE Elr!BARS (N,PflFN,FNRAR) 
B I R F T C  ENPARS NflLIST,NORFF,DFCK 

DIMFNSION P A T C H  ( z n )  
C D I M E N S I 0 N  PATCH ( 2 0  

I F  ( N )  1,192 
1 ENBAR= - A L @ C ( P n F N )  

2 I F  ( N - 2 )  4 9 5 9 5  
4 D F L P  = 1.0- PnFM 

G g  TO 3 

ENBAR= S’3PT( -2 .0”  A L ? G ( P n F M ) )  

I F  ( D F L P  - . 0 0 5 )  6 9 6 9 7  
1 3  F M I h I N  = FXP(-Fb!RAR) 

7 EFOP = (1.0+ ENBAR)  F M I N N  - POFN 

6 ALFK = .5 9 FNRAR ** 2 
GO T f l  R 

F @ P  = ALFK. 
C J M 2  = 1. 
C J M l  = 2. 
n n  o J = 2 , i h  
I F  ( A B S ( A L F K / F O P )  - 1.F-10) 8,891 

1” C J  = J 
ALFK = -ALFK * C J M l  * FNBAR / C J  / C J M 2  
FOP = F @ P  + ALFK 
C J U Z  = C J M l  

EF(1D = F n P  - OFLP 

F’IFP = E F O P / F F P P I M  

9 C J M l  = C J  

P F F P P I M  = - FNPAR * FPJIhlN 

I F  ( A B S ( F @ F P / F N B A R )  - 5.F - 5 )  3 9 3 9 1 1  
11 ENBAR = FNRAR - FOFP 

GO TO 1 3  
5 WRITE (6912) 
? RFTLIRN 

1 2  FORYAT ( 1 7 H K  N I S  TOO LARGF ) 
END 

0010 
0 0 2 0  
C 0 3 0  
0 0 4 0  

0 0 6 0  
0 0 7 0  
0 0 8 0  
nosn 
o i n n  
0 1 1 0  
0 1 2 0  
0 1 3 0  
0 1 4 0  
0 1 5 0  
0 1 6 c  
017n 
n i q n  
0 1 9 0  
0 2 0 0  
0 2 1 0  

n 2 3 n  
~ 7 4 n  

n 0 5 n  

0 2 2 0  

c 2 5 n  
0 2 6 0  
0 2 7 0  
0 2 8 0  
0 2 9 0  
0 3 0 0  
n 3 2 0  
c ? i n  
0 3 3 0  
0350 
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Figure 1. - Plane finned-tube direct-condensing radiator. 
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Figure 2. - Panel configurations. 
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Figure 3. - Simple Rankine cycle electric power generating system. 
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Figure 4. - Temperature-entropy diagram without pressure drop in  radiator. 
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Figure 5. - Schematic drawing of finned-tube assembly. 
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Figure 6. -Example of blackbody overall effectiveness for 
central fin and tube. 
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Figure 7. -Apparent emissivity of an isothermal central finned-tube cavity. 
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Figure 8. - Detail of parabolic header geometry. 
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Figure 9. - Rankine cycle temperature-entropy diagram with pressure drop in  radiator. 
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Figure 10. -Effect of header and tube velocities and radius of curva- 
ture at tube inlet on header-tube pressure drop (refs 23 and 24). 
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Figure 11. - Radiator tube two-phase flow model. 
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Figure 12. - Parametric Program radiator total heat rejection per unit weight as 
function of ratio of f i n  half-length to tube outer radius for several values of 
conductance parameter. Radiator panel temperature, 170O0 R; power output 
1 megawatt; tube inside diameter, 1 inch; f i n  and armor material, beryllium. 
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Figure 13. - Performance map for Parametric Program radiator peak 
heat rejection per unit weight. Radiator temperature, 1700" R; 
power output, 1 megawatt; f in  and armor material, beryllium. 
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Figure 14. - Ratio of header weight to total radiator weight 
at peak heat rejection per unit weight for each tube 
diameter (Parametric Program). 
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Figure 15. - Radiator planform area requirements (Parametric Pro- 
gram). 
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Figure 16. - Radiator panel aspect ratio for four-panel finned-tube 
configuration (Parametric Program). 
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Figure 17. - Radiator fin thickness at peak heat rejection per unit 
weight for four-panel finned-tube configuration (Parametric 
Program). 
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Figure 18. - Comparison of radiator heat rejection per un i t  weight obtained 
from Parametric and Min imum Weight Programs. 
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Figure 19. - Comparison of ratio of f i n  half-length to  tube outer ra- 
dius obtained for maximum heat rejection per unit weight from 
Parametric Program and that obtained for product of emissivity 
and conductance parameter equal to 0.9 from Min imum Weight 
Program. 
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Figure 20. - Comparison of radiator planform area ob- 
tained from Parametric and Minimum Weight Pro- 
grams. 
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Figure 21. - Comparison of panel aspect ratios 
of Parametric and Minimum Weight Programs. 
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Figure 22. - Comparison of f in  thickness at maximum heat rejection 
unit weight for Parametric and Minimum Weight Programs. 
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Figure 23. -Effect of sink temperature on value for Minimum Weight (Minimum Weight 
Program). 
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Figure 24. - Effect of sink temperature on finned-tube thermal effective- 
ness. 

NASA-Langley, 1964 E-2171 



"The aeronautical and space activities of the United States shall be 
conducted so as to contribute . . . to  the expansion of hnman knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof ." 

-NATIONAL AERONAUTICS A N D  SPACE ACT OF 1958 

NASA SCIENTIFIC A N D  TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: 
important, complete, and a lasting contribution to existing knowledge. 

TECHNICAL NOTES: 
of importance as a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distri- 
bution because of preliminary data, security classification, or other reasons. 

CONTRACTOR REPORTS: Technical information generated in con- 
nection with a NASA contract or grant and released under NASA auspices. 

TECHNICAL TRANSLATIONS: Information published in a foreign 
language considered to merit NASA distribution in English. 

TECHNICAL REPRINTS: Information derived from NASA activities 
and initially published in the form of journal articles. 

SPECIAL PUBLICATIONS: Informarion derived from or of value to 
NASA activities but not necessarily reporting the results of individual 
NASA-programmed scientific efforts. Publications include conference 
proceedings, monographs, data compilations, handbooks, sourcebooks, 
and special bibliographies. 

Scientific and technical information considered 

Information less broad in scope but nevertheless 

Details on the availability o f  these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. 20546 


